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ABSTRACT 
This thesis is concerned with the airborne noise reduction 
of agricultural tractor cabs. The characteristics of the 
noise radiated from a non-cab-equipped tractor have been 
evaluated and used in conjunction with the classical 
. theories of airborne sound transmission loss 
to predict the 
airborne noise reductions of tractor cabs. An experimental 
cab has beep constructed and used to evaluate these 
predictions. 
The theoretical and experimental airborne noise reductions do 
not show a good agreement. This has been shorn to be due to 
two ressons. Firstly, there are anomalies in the classical 
airborne sound transmission loss theory whereby the theoretical 
and experimental sound transmission loss spectra do not show 
good agreement. Secondly, one-dimensional standing wave 
resonances in the cab cavity have been shown to give rise to 
an irregular plateau in the experimental airborne noise reduction 
spectra. 
Anomalies have been shown to exist between airborne sound 
transmission loss theory and reverberant room transmission 
loss measurements. These have arisen because the theory has 
not hitherto considered panel flexure. Modifications have 
been introduced which take account of panel flexure and these 
show that the dependence of classical theory on the angle of 
incident excitation is false and angular dependence occurs 
on the transmitted side of the panel, giving rise to a 
coincidence effect on the transmitted side which is independent 
of the angle of incidence. These modifications give rise to 
complete qualitative explanation of the shape of empirical 
airborne sound transmission loss spectra. Quantitative 
modifications have not been introduced because of lack of 
information regarding the angular nature of the transmitted 
waves. 
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CHAPTER 1 
Introduction 
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I. Introduction 
It is widely accepted that continuous exposure to 
sound pressure levels in excess of 70 dBA is potentially 
damaging, being capable of producing permanent loss of 
hearing in some people, 
In the last decade noise at the operator's station of 
agricultural tractors has become a major source of concern 
to both operators and manufacturers. The noise levels 
are high ( 90 to 100 dB(A) ) and the periods of operator 
exposure are long, often exceeding 60 hours in a week. 
Bell (23) has demonstrated that the combination of these 
has led to increased permanent hearing loss in the case 
of tractor operators when compared with workers in other 
occupations. Lierle and Reger (32) confirmed this work, 
and Weston (22) further demonstrated increased hearing 
loss amongst operators of certain types of tractor. (Jiuang 
and Suggs (21. ) showed that while tractor noise almost 
certainly gives rise to various physiological changes in 
operators, there is little evidence that it causes 
degradation of operator faculties other than that of hearing). 
The increased awareness of the high incidence of hearing 
loss amongst tractor operators has led to a demand for 
reduced noise levels. As a result legislation has been 
proposed, and in some cases introduced, which limits the 
maximum noise levels at the operator's station of agricultural 
tractors. 
In addition to legislative requirements there is also 
a commercial demand for quiet tractors. With the continually 
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increasing understanding of the problem of noise induced hear- 
ing loss there is an increasing possibility that it could 
be regarded as an "industrial injury", in which case employers 
(farm owners) would be liable for compensation. Furthermore, 
Mathews (19) has presented evidence which suggests that the 
high noise and vibration levels experienced by operators 
deter them from operating vehicles at full power, thus 
reducing their productivity. 
Current attempts by manufacturers to reduce noise 
levels at the operator's station are based on palliative 
measures. In general these have proved capable of meeting 
current legislation, but projected legislation requiring 
maximum noise levels of 80 dBA is realistic, and to meet 
these levels a more fundamental consideration of the basic 
acoustic problems is required. 
The work presented here is concerned with noise reduction 
at the operator's station of agricultural tractors. The 
project is divided into two stages: 
I. A preliminary gxperimentalinvestigation of tractor 
,.. 
noise as perceived by the operator, involving an evaluation 
of its dependence on frequency, -engine speed; engine power, 
spatial distribution, and the direction of sound propagation. 
This enables the cleans of achieving noise reduction at the 
operator's station to be evaluated. 
2. An investigation of the airborne noise reduction 
of sealed operator enclosures. This forms the majority 
of the work and involves a comparison of the theoretical 
and experimental airborne noise reductions of a purpose-built cab. 
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The available theory for calculating the airborne 
noise reduction of sealed enclosures is considered, and an 
equation based on classical airborne sound transmission 
loss theory is developed. Modifications to the classical 
theory are introduced and these permit a better qualitative 
explanation of the shape of empirical sound transmission 
loss spectra than has hitherto been possible. The experimental 
cab is used to verify some of these modifications. 
The calculation of airborne noise reduction involves 
experimental evaluation of the intensity of the incident field, 
the angle of incidence of the exciting sound waves, the 
damping of the cab panels and the mean reverberation time 
inside the cab. 
The comparison between the calculated and experimental 
noise reduction spectra show a gross difference in the 
frequency region of greatest importance (near 1K. Hz) and 
the possible origins of this difference are discussed. 
Although much of the following work is generally more 
widely applicable to lorries, cranes and earthmoving 
machineryretc. the usage"tractor"refers to the common 
British farm tractor of the type powered by a 'diesel engine 
via two large wheels at the-rear and steered through two 
smaller wheels at the front. In particular the vehicle 
referred to in the experimental parts of the thesis is a 
Massey Ferguson 165 Agricultural Tractor. To simplify 
theoretical analysis the presence of an operator was 
excluded from both experimental and theoretical 
evaluations. 
i 
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CHAPTER 2 
Tractor -, Noise 
6 
2. Empirical Tractor Noise 
Investigations of tractor noise have been conducted 
by several workers (19,20,22,29,31) and in particular 
The National Institute of Agricultural Engineering (19) have. 
made a detailed study of the subject. Before embarking 
upon a specialised programme of research, however, it was 
considered that greater rationalisation of the characteristics 
of tractor noise was necessary. The present chapter is 
therefore concerned with an experimental investigation of the 
airborne sound field of an agricultural tractor, and in 
particular at the operator's station. 
Analysis of noise from any source is complex because of 
the number of variables which require investigation; these 
are the magnitude of the sound pressure level, its frequency 
dependence, its distribution in space (three physical dimensions 
are required to describe position) and the direction of wave, 
propagation. In the case of a vehicle such. as a tractor 
there are two additional major variables; these are engine 
speed and load, making six independent variables. To describe 
tractor noise fully each of these should be evaluated 
independently, and in relation to the others. This chapter 
describes an experimental attempt to provide a complete analysis 
of the tractor noise distribution by evaluating each of 
these variables for the region of the operator's station. 
Initial measurements were made at the operator's right 
ear location with the vehicle stationary, over open flat 
pasture land, with the gears disengaged. ' A Bruol and Kjaer 
11133 half inch, free field response, condenser microphone, 
2619 preamplifier, and 2606 measuring amplifier were used to 
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measure the variation of overall sound pressure level and 
'A' weighted sound pressure level, with unloaded engine speed, 
measured on the engine tachometer. The resulting characteristics 
are plotted in Fig. 2.1. 
Initially'thea measurements were found to be erratic and 
this was diagnosed as being due to the large number of 
mechanically interacting noise sources on the tractor, such as 
chains and loose fittings. These were eliminated and the 
_, rear fenders were removed, producing no alteration of the 
overall. sound levels, but considerably increasing the 
consistency with which they could be measured. It was later 
shown that for tractor sound pressure levels to be repeatedly 
measured with an accuracy of better than ±2 dB the 
removal of interactional noise sources is essential. 
Fig. 2.1. shows the 'A' weighted sound pressure level 
follows a simple logrithmic relationship with engine speed, 
increasing at a rate of 33 dB per ten fold increase in engine 
speed. This is consistent with the behaviour of a typical 
diesel engine when evaluated separately from a vehicle 
environment (Reference 26). Above 1600 rev. /min. the 
unweighted characteristic follows an approximately similar 
trend but below this the sound pressure level tends to 
level off with decreasing speed. ` 
Using the same equipment and in addition a Bruel and 
Kjaer 2114 third octave filter, an investigation into the 
spectral properties at the operator's ear position of the 
unloaded, stationary tractor, was'performed. A typical sound 
pressure level spectrum is reproduced in Fig. 2.2. 
In Fig. 2.2. between 500 and 3000 Hz the spectrum is 
almost flat, and this portion of the characteristic is 
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common to all the spectra varying only in magnitude with 
engine speed. It is this portion of the spectxawhich gives 
rise to the 33 dBA per ten fold increase in engine speed 
observed in Fig. 2.1. Below 500 Hz, in Fig 2.2., three 
peaks in the sound pressure level are apparent, these are 
associated with the crank ro tational speed, combustion 
frequency and twice the combustion frequency, in ascending 
order of frequency. Again, they are common to all the 
spectra measured at different engine speeds and it is 
these peaks which give rise to the variability of the 
unweighted sound pressure level versus speed characteristic 
below 1600 rev. /min. Above 1600 rev. /min. the peaks are 
dominated by the flat portion of the spectra between 500 
and 3000 Hz. The 'A' weighting network applies large 
attenuations at low frequencies and reduces the influence of 
these peaks on the overall 'A' weighted levels. 
Having evaluated the characteristics of engine speed, 
overall sound pressure level and frequency dependence for 
, the operator's ear position of the tractor in the stationary 
unloaded condition, a portable system of noise recording 
instrumentation was developed to enable the same characteristics 
to be evaluated in a more operational mode. The system 
consisted. of a Bruel and Kjaer 4113 half inch condenser 
microphone mounted adjacent to the operator's ear, 2619 pre- 
amplifier and 2606 measuring amplifier,. and a Nagra III 
portable tape recorder. The equipment was mounted on a 
specially constructed, vibration damped platform at the rear 
of the tractor. Sound pressure level recordings were made 
for a range of constant engine speed drives over flat 
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pasture in each of the sixteen gear combinations; the 
resulting magnetic tape recordings were analysed in a 
laboratory. 
One third octave spectral analysis of the tapes 
produced a series of characteristics almost identical with' 
those of the stationary vehicle; individual gear meshing 
frequencies were not resolved, Further analysis with a 
Bruel and Kjaer 2107 six percent bandwidth frequency analyser 
also failed to resolve gear meshing frequencies. Analysis 
using a Fenlow spectral density analyser with a l"5 Hz 
bandwidth enabled resolution of some of the gear meshing 
frequencies but, in the partially loaded conditions of 
measurement, these were very erratic and of low amplitude. 
The gear meshing frequencies did not influence the overall 
sound pressure levels. 
Facilities for applying a load to the tractor engine, 
without introducing extraneous noise, were not available 
and it was not possible to evaluate experimentally the 
relationship between engine load and sound at the operator's 
station. However, Priede (26) has shown that load has very 
little effect on diesel engine noise. In particular the 
spectral shape of sound pressure level radiated from diesel 
engines does not change significantly with load. The effect 
of load or. gear noise was subjectively readily detectable, 
partially because of its pure tone nature, but again, no 
satisfactory means for evaluating it was available. Load 
was thus not considered further as a variable to which to 
relate the radiated sound. This considerably simplified 
further experimental analysis since it enabled all further 
measurements to be made on the stationary tractor. 
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The final part of the experimental analysis of tractor noise 
was measurement of the three dimensional sound pressure 
level distribution. in the region of the operator's station. 
To produce a complete picture of the tractor sound field 
a three-dimensional plot of equal sound pressure level 
contours in the immediate region of the operator, encompassing 
all the possible sources of noise radiation towards the 
operator, was performed. 
Initially sound pressure level spectra were measured 
at a number of positions, in the incident sound field at 
a number r)f different engine speeds. These showed the 
spectral content of the radiated sound pressure level 
did not vary with position, within the region of the three- 
dimensional plot, by more than dB. This is not 
unreasonable since almost all of the sound is radiated 
from the cast iron surfaces of the engine and transmission 
casings, which have very similar structural properties. It 
followedthat the relationship between engine speed and 'A' 
weighted sound pressure level, previously evaluated, was 
found to be valid over the whole of the region. It was 
Possible to plot the contours of overall sound pressure 
level at a single engine speed and from these the sound 
pressure level at any combination of frequency, engine speed 
and position in space could be determined. 
An engine speed of 1800 rev. /min. was chosen as being 
representative of typical tractor operating conditions. 
The 'A' weighted network was used in the measurement of 
overall sound pressure levels because of its simple relationship 
with engine speed, and its value as a subjective measure of 
noise, related to hearing damage evaluations . 
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Experimentally the measurements were performed using 
a gruel and Kjaer half inch, free field response, condenser 
microphone, type 4133. This was suspended on a 12ft. 
microphone boom frdm the rear of the tractor such that the 
microphone was always directed towards the front of the 
vehicle and parallel to its axis (crank shaft axis). 
'A' weighted sound pressure levels (in dB re. 2x 10^5 N/m2) were 
displayed, via a Bruel and Kjaer 2619 preamplifier, on a 
Bruel and Kjaer 2606 measuring amplifier powered from the 
12 volt tractor battery. The technique of measurement 
involved positioning the microphone-such that the recorded 
'A' weighted sound pressure level was an integral number of 
decibels, and measuring the position in space of the 
microphone relative to some point on the tractor. Thereafter, 
the microphone was moved until a change of exactly 1 dB was 
measured and again the level in dB(A) and the position of 
the microphone were recorded. Measurements were made in 
this manner, in five vertical planes, each parallel to the 
tractor axis. These planes are shown in Fig. 2.3. Equal 
dB(A) contours measured in these planes are shown in Figs. 
2.4 to 2.8, and in addition contours in two horizontal planes 
derived from Figs. 2.4 to 2.8., are presented in Figs. 2.9 
and 2.10. 
The results presented in Figs. 2.1 to 2.10. represent 
a complete picture of the tractor operator's acoustic 
environment from which a number of important conclusions 
can be drawn: 
The noise at the operator's station of the tractor is 
identical to that radiated by a typical diesel engine both 
in spectral character and speed dependence. 
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The major source, of acoustic radiation, detected at 
the operator's station, is effectively the engine side walls; 
the transmission casings and the exhaust outlet are secondary 
sources of lesser importance. 
The influence of the exhaust noise on the sound pressure 
level contours at the opertor's station is small, indicating 
that the exhaust muffler on this tractor is of adequate 
acoustic efficiency. 
The maximum rate of change of 'A' weighted sound pressure 
levels with distance in the region of a typical tractor 
operator's ears is l dB(A) per 200mm. This figure provides 
useful criteria for the accuracy with which the measuring point 
must be specified in any legislation relating to cabless, or 
unclad safety frame equipped tractors. 
The process of plotting sound pressure level contours 
is time consumming but has proved particularly valuable 
in assessing features of the source of acoustic radiation. 
. For example, alternative methods of assessing a number 
of 
items such as the acoustic efficiency of the exhaust might 
well have led to a more complex investigation. It is felt 
that. the detailed plotting of sound pressure level contours 
as a means of identifying the important areas of radiation 
in noise problems is often avoided because of the large 
number of empirical measurements involved. Moreover, 
palliative attempts to solve noise problems are often based 
on subjective evaluations and applied in a trial and error 
manner. This process can be considerably simplified by 
the use of three-dimensional sound pressure level plots. 
ioo-1 
9O 
80-I 
70- 
I 
CO 
O 
z 
J 
W 
> 
w 
J 
W 
ý 
ý 
ul 
a (L 
0 
z a 
0 V) 
dB (LIN. ). 
dB (A. ). 
ENGINE SPEED IN REV. /MIN___ 
500 1000 1500 2000 3000 
NOISE VERSUS ENGINE SPEED OF THE NON CAB 
EQUIPPED TRACTOR. 
FtG. 2.1 
m Q U 
Z 
U 
Z 
W 
ß 
Eli 
Ix 
LL 
'8a Ni 13n31 3anSS3? dd-oNnos 
0000 rn CO tI% tL1 
Z 
0 
OZ 
OW 
O= 
O 
F-- 
ýo ö 
ýo 
T- 
LL 
0 
Z 
0 
Q 
U) 
U) 
ý 
0 
ä 
a 
w a- 0 
w _ i- 
F- 
<t 
_..! W 
> 
W 
U) 
U) 
W 
x 
CL 
O 
z 
:3 
0 
V1 
W 
F- 
V 
0 
cv, 
ý. 
ý-- 
Q 
O 
J 
O 
Z 
Z_ 
} 
WNy 
LL 
8 Co 
O Lw 
FIG. 2.2 
Lf) 
O 
z 
.4 
O 
Z 
C7 
ö 
z 
ci 
z 
r- 
Ö 
Z 
V) 
D 
0 
F- 
z 
O 
U 
J 
w 
y 
w or- 
Lo 
M 
w w [L 
to 
z 
_ 
0 W 
LL 
0 
LL 
0 
En w 
Z 
J 
CL 
J 
Q 
U 
F- 
W 
W 
} 
FIG. 2.3 
LA 
U 
Z 
0 
Z 
LU 
F- 
LL 
0 
O 
z 
w 
z 
J 
CL 
z 
ý 
cr, 
D 
0 
F- 
z 
0 
U 
J 
w 
? 
w 
J 
w 
m 
O 
U) 
U) 
w 
X 
LL 
0 
z a 0 U) 
0 w F-- 
_ C7 
w 
..,. 
ý 
w 
} 
0 
M: 
11J 
Ix 
V) 
cr- 
w 
0 
Z 
w 
LL 
w cr 
ä 
0 J 
0 
Z 
Z 
w 
0. 
0 
0 
co 
0 
F- 
-L) 
a 
w 
CL 
4 
D 
0 
w 
FIG. 2.4 
CO . - ý 
O 
ZN 
JW 
W -ý 
WU 
J tn 
0 z 
w --- 
f-- w 
LL ö oX 
w (Y 
ý. °ö%-0ý/ j// /z cr. 
WQ 
Z 
W 
CL LL 
Z 
._Q 
ä 
o, 
Zö 
U --ý 
Jo 
WZ 
> 
W 
JZ 
W 
CC W 
(n Cr- 
W 
ty C: ) O CL CO 
Z 
= CC 
OO 
(/) F- 
U 
C] <L 
W Cr 
_(D 
aW.. 
FIG. 2.5 
CO 
U 
Z 
O 
Z 
UJ 
F-- 
U. 
O 
M 
O 
z 
W 
z 
J 
LL 
z 
N 
O 
F- 
z 
0 
U 
W 
ý 
W 
J 
W 
rr 
N 
ý 
W 
D: 
CL 
C 
z 
D 
0 
V) 
0 
W 
H 
Cý 
W 
W 
> 
O 
x 
W 
x 
UO 
w 
W 
O 
Z 
W 
LL 
C¢Y. 
cr- 
, O 
O 
J 
0 
Z 
. 
Z 
ý 
© 
O 
Co 
. _.. 
FIG. 2.6. 
Co V- 
ý .. O 
U 
z 
O 
z 
W 
1-- 
LL 
O 
C; 
z 
W 
z 
J 
(L 
z 
U) 
O ý 
z 
O U 
J 
W 
> 
W 
J 
W 
D 
V) 
cn 
w 
Qý 
CL 
0 
z 0 0 V) 
0 
w ý- 2 
ý 
w 
.. -r 
w 
? 
0 
:E 
w 
fr 
N 
w 
0 
Z 
w w 
w 
Q 
0 J 
0 
Z 
Z 
w aä 
0 0 00 
0 
t-- 
U 
oc 
Q w 
a w 
FIG. 2.7 
OD 
C] "" tA 
ZNÜ 
.j 
L1J 0 
LLI > 0 ýU 
ýz 
V) -... ý 
zý 
r- o 
LL x 
0ä 
ý (n 
O LC 
ZW 
0 
Z Zaa 
W 
LV 
LL pC 
ZW 
ýa 
ý 
fY 0" ýÖ 
Z .J Oý 
Z 
J 
W 
>z 
LL1 
Ww 
a 
ýO 
ýO 
LIJ cr- CO 
zo 
0Ü 
Q f-= 
w 
ýý 
(l.. 
D 
0 
äw 
FIG. 2.8 
O 
J 
W 
co 
. 
N 
s-- 
w 
z 
J 
CL 
J 
F- 
z 
0 
N 
m 
0 
2 
w 
z 
z 
U) 
[C 
0 0 I- 
z 0 U 
J 
w 
> 
w 
J 
w 
w 
_ 
U) 
V) 
w 
w 
CL 
0 
z 
D 0 V) 
0 w i-- 
_ 
ca w 
Q 
loý 
0 
F- 
U 
ý 
F- 
O 
W 
LL 
CL 
_ 
0 
W 
O 
U 
Z 
0 
Z 
W 
F- 
lL 
O 
F-- 
W 
J 
F- 
D 
O 
F- 
Ul) 
O 
T 
X 
W 
W 
S 
f-- 
FIG. 2.9 
N 
w 
z 
J 
J 
f-- 
z 
0 
N 
tr 
0 
S 
w 
_ 
F- 
z 
U) 
0: 
_ 
0 
F- 
z 
0 
U 
J 
w 
ý 
w 
J 
w 
U) 
U) 
w 
Lý 
z 
0 
U) 
0 
w ý-- 
_ 
0 
tY_ 
0 
F- 
U 
0 w 
a. . 
w 
co 
U 
Z 
0 
Z 
w 
LL 
0 
F- 
w 
F- 
0 
F- 
t! ) 
X 
w 
w 
F- 
0 J 
w 
co 
FIG. 2.10 
13 
CHAPTER 3 
The Experimental Cab 
'. 6 
11} 
3. The Experimental Cab 
3.1. Sources of Noise Reduction 
From the measurements of the tractor noise field, described 
in Chapter 2, it was shown that the tractor noise problem 
originates almost solely from its diesel engine power source. 
There are a number of fundamental methods by which this 
noise, as perceived by a tractor operator, can be reduced. 
These are, reduction of the noise at source, enclosure of 
the source, and enclosure of the operator. 
'Reduction of the noise at its source involves a 
fundamental redesign of diesel engines. A considerable 
amount of research is currently being undertaken on this 
subject, and in particular The Institute of Sound and 
Vibration Reasearch at the University of Southampton, 
working in conjunction with a number of diesel engine 
manufacturers, are making substantial progress. The outcome 
, of such work, however, is likely to be of long term influence 
on the noise radiated from diesel engines. Practical 
noise reductions of the order of 20 dB(A) perceived at the 
operator's station are unlikely to be achieved in competitive 
engines in the foreseeable: future. 
The method of engine enclosure is capable of reducing 
the radiated noise by the required levels and is commercially 
viable. In practice, however, it introduces a number of 
problems which are not compatible with the usage of the 
present generation of tractors. In particular, total enclosure 
introduces thermal problems which necessitate a complete 
15 
re-design of the engine cooling system, acoustic 
materials 
are not normally compatible with hot oily environments, 
and maintenance problems, both of the engine and the 
enclosure, are introduced. 
Operator enclosure as a means of obtaining noise 
reduction at the operators station in its own right is a 
clumsy and costly approach to the problem. However, for 
reasons of operator protection, safety frames, designed to 
give roll-over protection, have recently become an essential 
part of modern tractors. (Legislation was introduced in 
Gt. Britain in September 1971 requiring the compulsory 
fitting of safety frames to all new agricultural tractors. ) 
With the compulsory introduction of safety frames 
manufacturers have taken the opportunity of providing 
weather protection for operators by means of partial 
enclosures. However, such measures, based on the safety 
frame structure, often produced-an increase in noise level 
above that of the basic tractor, partly due to airborne 
reverberation and partly due to increased radiation from the 
safety frame and the cab components. To overcome this 
problem palliative measures have been taken which have brought 
about the reductions in noise levels at the operator's 
station required to meet most current legislation; these 
include vibration isolation of the safety frames from the 
tractor, sealing the enclosure cavity from'the engine noise 
source and incorporation of acoustic absorption materials. 
Such measures, however, are unlikely to be capable of producing 
thenoise reductions required to meet future legislation. 
Improved noise reduction of tractor cabs is only 
likely to arise out of a complete re-design based on acoustic 
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requirements. The present generation of tractor cabs have 
been designed on the basis of criteria such as roll over 
protection, weather protection and more recently aesthetic 
considerations. The remaining work described in this thesis 
is concerned with the acoustic design of tractor cabs. 
3.2. The Noise Reduction of Cabs 
Walker (20), Ris (29)'and I. I. A. E. (19) have all conducted 
empirical investigations into the noise of the current 
generation of tractor cabs. Sellon (25 and 27) and Emme 
and Blackford (28) have presented qualitative descriptions 
of the requirements for the acoustic design of generalised 
tractor cabs and McKibben and Pitsch (21) have presented 
similar design requirements for a specifically modular 
tractor cab. A modular cab is a complete enclosure which 
is designed as a part of the basic tractor structure but 
does not lose its identity when removed from it. Future 
tractor cab designs are likely to be of the modular form, 
and the acoustic evaluation of such cabs is considerably 
simpler than that of the current generation of integral 
cab designs. Milstead and Wegsheid (30) have made an experi- 
-mental attempt to evaluate the noise of such an enclosure 
when structurally isolated from the tractor and subjected 
to an external diffuse sound field. 
The workers described in references 19,20,21,25, and 
27 to 30 have made a valuable contribution to tractor cab 
noise reduction, high-lighting the problems involved. They 
have, however, presented little quantitative analysis 
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of these problems on which the acoustic design of a modular 
tractor cab can be based. 
Noise reaches the operators station of a cab equipped 
tractor by two separate paths. In one the cab surfaces are 
excited directly by airborne sound waves radiated from 
the engine; the cab components then radiate sound into the 
cab interior. In the other the cab is excited by structure 
borne compressional or flexural waves which originate at the 
`engine and are transmitted along the tractor body to the 
cab mounting points. Again, vibrational energy is 
transmitted to the cab components which radiate sound into 
the cab. To develop a complete picture of tractor cab 
acoustics it is necessary to consider these two paths 
separately. Theoretically this is possible. Experimentally a 
modular cab can be structurally isolated from a tractor, while 
remaining in position, allowing airborne excitation only 
to be evaluated. It is not practical to eliminate airborne 
excitation, in the same manner, and leave only structural 
excitation. Experimerztally, therefore, to provide a complete 
analysis, the airborne excitation must be considered firstly 
on its own and then in combination with structural excitation. 
In both structural and airborne excitation the airborne 
acoustic characteristics of the cab cavity play an important 
part in determining cab noise reductions, since it is in 
this region thatpalliative measures have brougit about the 
greatest improvements. 
Because a theoretical evaluation of airborne noise 
reduction was capable of including the acoustics of the 
cab cavity in a continuous manner (in a single 
equation), and airborne noise reduction could 
be evaulated experimentally in isolation from 
-x8 
structural excitation, the work described in the remainder 
of this thesis was based on the evaluation of the airborne 
noise reduction of modular tractor cabs. 
3.3. An Experimental Tractor Cab 
3.3.1. Design 
To facilitate an experimental investigation of the airborne 
noise reduction of modular cabs an experimental modular 
cab was fabricated. The cab was not designed as a functional 
tractor cab but as an experimental tool for evaluating airborne 
noise reduction. However, where essential features of cab 
design which were likely to influence the cab acoustics 
arose these were as far as possible incorporated in the 
experimental cab. In particular, an attempt was made to 
meet legislative structural strengths, and adequate 
windows, necessitated by operators' visual requirements, 
were incorporated. 
A rectangular shape., 1, x 1.25 x 1.5 m., was chosen as 
being most compatible with an acoustic analysis. The rear 
of the cab formed the door and was constructed from a 
single glazed panel. The upper sides, and upper front of the 
cab were also glazed. The lower sides, lower front, 
top (roof) and bottom (floor) were designed to enable a 
variety of difförent panel materials to be examined. 
The cab was based on a frame of 2 inch square 8 gauge 
mild steel hollow section welded at the corners. Aluminium 
angle section, 41x ý inch, was rivetted to the main frame to 
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facilitate the mounting of the windows and the panels. 
A diagram o. f the cab frame is shown in Fig. 3.1. and diagrams 
of the various methods of attaching the cab components 
are shown in Fig. 3.2. The window glass was fixed to the 
aluminium angle using rubber sealing strip of the type 
normally used in the automotive industry and the removable 
panels were arranged to be bolted to the cab at 100mm 
intervals. 
The aluminium angle was rivetted to the main frame with 
a layer of mastic sealant in the interface, the purpose of 
which was to eliminate possible interactional noise and to 
eliminate holes in the structure. The removable panels 
were sealed to the aluminium angle in a similar way. 
The cab rear door was constructed using a frame of 
hollow box section and 4 inch aluminium angle, rubber sealing 
strip and a single glass panel. This was hinged at the top 
and bottom of one side and sealed to the main cab frame, 
when closed, by a tubular rubber seal. Provision was made 
for the passage of microphone cables into the cab. 
The cab was glazed with 6mm safety glass of the type 
normally used in vehicle cabs and the pane dimensions 
were as follows: 
.. 4 
Rear door 1391 x 889mm 
Front window 768 x 838mm 
Side windows 768 x 1086 mm 
Complete sets of removable panels were made from 14 s. w. go 
aluminium, 14 s. w. g, steel, 20 s. w. g, aluminium, and 20 s. w. g. 
steel, to the following dimensions: 
Top and bottom 1148 x 898mm 
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Sides' 1148 x 567mm 
Front 898 x 567mm 
To structurally isolate the cab from the tractor a 
wooden support frame designed to straddle the tractor and 
rest on the ground was constructed (in order to obtain 
realistic positioning of the cab relative to the tractor 
it was necessary to remove some of the vehicle components; 
eg., the. steering wheel and seat). The completed cab mounted 
on its frame in position on the tractor is shown in rigs. 
3.3 to 3.5. 
3.3,2. Measurements in the Cab 
Initial measurements of the sound pressure level at any fixed 
point inside the cab when fitted with each of the four panel materials 
proved to be unsatisfactory due to poor repeatability. After 
extensive testing this was found to result from variations in 
the set engine speed. between tests. Investigations showed that 
the in'cab sound pressure level could exhibit large changes 
for small changes in engine speed. Instrumentation was 
therefore, developed to enable engine'speed to be measured 
more accurately than by the engine tachometer. This consisted 
of a magnetic pickup located adjacent to a ferrous disc attached 
to the crankshaft front pulley. The disc had 30 equally 
spaced teeth such that, with the output connected to a 
digital counter counting over 2- seconds a reading direct in 
rev/min was obtained. This system was used for all further 
tests on the acoustic characteristics of the cab. The 
linear and 'A' weighted sound pressure level versus engine 
speed characteristics, measured inside the 14 s. w. g. steel 
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clad cab, are presented in Fig. 3.6. A more complete 
evaluation of the dependence of cab noise on engine speed 
is presented in Appendix III. 
The rapid variations in sound pressure level with 
engine speed inside the cab result from the increased low 
frequency content of the sound pressure level spectra over 
that of the equivalent non-cab-equipped spectra. This low 
frequency content is very variable with engine speed and 
gives rise to large fluctuations in the overall sound 
pressure level. The use of the 'A' weighting network 
reduces the dependence of the overall level on low frequency 
but not sufficiently to produce the smooth change with 
engine speed exhibited by the equivalent non-cab-equipped 
characteristics shown in Fig. 2.1. 
The increased low frequency content of the in-cab 
spectra relative to the. overall level can be readily observed 
from the comparison of the 'A# weighted sound pressure level 
spectra without the cab and in the llF s. w. g. steel clad cab, 
at 1800 rev/min,. presented in Fig. 3.7. 
In order to make comparative measurements on cabs 
with the different panel materials it was necessary to 
adopt one of two techniques. In the first, only sufficient 
readings of 'A'weighted sound pressure level at different 
speeds need be taken to define the 30 dB(A) / decade line 
for 'a particular cab configuration. The value of the sound 
pressure level at an arbitrary speed on this line, say 
1000 rev/min can then be used as a basis for comparison. 
In the second a single speed can be chosen and set very 
accurately and repeatably by using a measuring technique 
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of the type already described. Because of its absolute 
nature the latter technique was chosen for all further 
measurements of cab noise. A speed of 1800 rev/min was 
selected as being representative of typical tractor 
operating conditions. 
The characteristic of 'A' weighted sound pressure 
level in the cab, at 1800 rev/min, versus mass of the four 
sets of removable panels is presented in Fig. 3.8. 
3.3.3. The Experimental Cab Sound Field 
In order to evaluate how the experimental cab interfered 
with the tractor sound field, 'At weighted sound pressure 
level contours, at 1800 rev/min for the 14 s. w. g. aluminium 
clad cab, were plotted in the same manner as those described 
in Chapter 2. These are shown in Figs. 3.9 to 3.13. In 
addition the 'A' weighted sound pressure level inside the 
cab was examined. Apart from the more obvious conclusions 
which can be observed from the pictorial representation of 
the cab sound field, the following ore evident:. 
As is to be expected the intensity of the sound reflected 
from the cab adds to the incident intensity to produce a 
sound pressure level increase of,, g to 3 dB(A) over the 
equivalent non-cab-equipped contours in the region around 
the cab, but in particular in front of the cab. 
The minimum "A' weighted sound pressure level anywhere 
around the cab is 76dB(A), indicating that irrespective of 
door positioning the noise inside a partial enclosure would not 
be expected to be much less than this value. In fact, 100% 
absorption at the cab interior panels is impossible (there 
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is a large highly reflective glazed area) and some 
reverberation build up above this value would be expected. 
Ventilation of a production cab must originate in the top 
rear corner since this is where the minimum sound levels 
occur. 
The 'A' weighted sound pressure level inside the cab 
is very evenly distributed and does not vary by more than 
1 dB at distances which are greater that 100 mm from the 
walls. This is not unexpected; in the absence of absorption 
material inside the cab, the large number of reflections 
inside the cab tend to produce a diffuse field. 
The distribution of 'A' weighted sound pressure levels 
above the cab roof varies between 90 and 78 dB(A), and it 
cannot, therefore, be neglected as an area of importance. 
To provide further evidence of the relative importance 
of the individual panels in determining the overall cab 
noise reduction, a series of 'A'''weiphted sound pressure 
level measurements were made with various cab panels removed, 
with and without the rear door open, on the 14 s. w. g. steel 
clad cab. The results of these measurements are listed 
in Table 3.1. These results have been subject to considerable 
evaluation and consequently a number of conclusions have 
been drawn. The most important two of these are that, with 
the front panel removed, opening the rear door produces a 
6.5 dB(A) decrease in the cab noise level, indicating the 
order of magnitude of reverberation increases inside the 
cab, and that the differences in 'A' weighted sound pressure 
level in the cab with each of the panels removed in turn 
indicates that the front and bottom panels are the most 
important areasthrough which sound enters the cab by a 
significant margin. 
TABLE, 3. I. 
'A' 1 T, TGF? TED SOUND PRESSURE L11, VEL 
IN THI 1)4 s. w. ý. STEEL CLAD CAB VITTli 
VARIOUS PANE: LS R, l`PrOVED (1800 rev/min ) 
PANELS h'i MOVFD 
NONE 
FRONT 
FRONT AND REAR 
FRONT AND TOP 
FRONT AND TOP AND REAR 
FRONT AND 0/S. SIDE 
FRONT AND 0/S. SIDE AND REAR 
SIDE (0/S) 
0/S. SIDE AND REAR 
BOTTOM 
BOTTOM AND REAR 
TOP 
TOP AND REAR 
REAR 
SOUND PRESSUPT 
LEVEL 
dBA corrected to JdB 
73 
94'5 
88 
90.5 
85 
95.5 
88 
84.5 
82 
91 
88 
76 
75 
75 
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CHAPTER 4 
Theoretical Noise Reduction 
., 4 
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4. Theoretical Noise Reduction 
4.1. Introduction 
The present chapter is concerned with calculating the 
sound pressure level inside the cab which results from 
airborne excitation by the tractor sound field. If we 
can predict the cab airborne noise reduction and show it to be 
accurate experimentally then we can use the cab to investigate 
the sound pressure level resulting from mechanical excitation, 
and so obtain an overall picture of tractor cab acoustics. 
In the first part of the chapter, 1.2., recent attempts at 
evaluating noise reduction situations by modal or statistical 
energy analysis are reviewed and their limitations when applied 
to the tractor cab are described. The conclusion is reached 
that this type of analysis is not suitable for practical 
situations where part of the sound field cannot be treated 
statistically (where the sound field is not diffuse). Moreover 
complete wave equation solutions for such situations have 
so far proved to be quantitatively insoluble. 
In section two, 4.3., the more traditional methods of 'Classical' 
or 'Architectural' acoustics are applied to develop an equation 
for the sound pressure level inside the cab as a function of 
known or easily measurable parameters. This equation provides 
the basis for a theoretical analysis of the cab noise reduction 
and it is used in Chapter 6 to derive a set of theoretical 
noise reduction spectra. These spectra naturally bear a very 
close relationship to airborne sound transmission loss 
characteristics, the transmission coefficient, "r , being 
the 
main Variable included in the equation. Because of the 
I 
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importance of this parameter in determining the shape of the 
noise reduction spectraýit is considered in detail in Section 
4.4. 
Section 4.4.1. presents and describes the current classical 
theory of Airborne Sound Transmission Loss. In 4.4.2 this 
theory is shown to exhibit a number of experimental anomalies 
which have hitherto existed without satisfactory explanation. 
In section 4.4.3. the origins of the theory are investigated 
and shown to have several failings which when corrected give 
rise to a much greater understanding of the mechanism of sound 
transmission loss in thin homogenous panels. However, because 
" the revised theory introduces several new aspects of transmission 
loss which have not yet been fully evaluated, it has not been 
possible to produce a quantitative solution which shows a great 
improvement over the present theory. The revised theory 
presents a narrowing of the gap between classical theory and 
modal analysis. 
4.2. Noise Reduction By Modal Analysis 
The method of modal energy analysis has been used 
successfully by Lyon and baidanick (1) in the solution and 
interpretation of results in acouptic transmission and 
radiation problems. They considered a pair of randomly 
excited vibrating systems coupled together in a linearly 
dependent manner, and showed that the power flow between the 
systems was proportional to the average modal energy difference 
between the systems. The constant of proportionality is 
positive, independent of which system is at the higher 
energy level and has a magnitude dependent on the values of 
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inertial and stiffness coupling. The analysis of this 
theoretical model was used to compute the steady-state partition 
of acoustic energy between two reverberant chambers coupled by 
a beam in the common wall between the chambers. The radiation 
resistances for some normal modes of a beam were calculated and 
empirical evidence was obtained to substantiate the computations. 
Maidanick (2) and Lyon (3) have both applied their 
theoretical method more widely, evaluating theoretical 
radiation resistances for specific cases. Maidanick in particular 
has sought empirical support for the concepts he helped to 
introduce in investigating the radiation resistance of a ribbed 
panel. In doing so he has commented on the notable absence of 
experimental information against which the theories of energy 
distribution can be compared. 
In evaluating the energy transmission from a reverberant 
room into a rectangular enclosure with one flexible wall 
Lyon (4) has shown that the'audio'frequency range can be considered 
to be composed of three regions. The first is defined as being 
below the first panel resonance, at which the panel and cavity 
act as a pure stiffness element (assuming that. the panel and 
cavity dimensions are of the same order and thus that the first 
cavity resonance occurs at a higher frequency than the first 
panel resonance). The second frequency region lies between 
the first panel and first cavity resonances where the cavity still 
behaves like a pure stiffness but where the panel is resonant. 
The third region occurs above the first cavity resonance where 
both panel and cavity are resonant. 
Below the first panel resonance it is not necessary to 
use modal analysis and the noise reduction, N. R., (reduc- 
tion of sound pressure level in dB) can be shown to 
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be given by 
I 
N, R. = 20 log (1+ Ob / Cp ) ý. 1. 
where Cb; Cp are the acoustic compliances of the cavity 
and panel respectively. 
Cb _V /P cz 
Cp = A3 F(a) 
103 B 
4.2. 
4.3. 
where A is the panel area and B is the panel bending 
stiffness. oK is the ratio of the lengths of the panel sides 
(c. )j) and F(a ) is described by Lyon in Fig. 2of 
reference 4. It is important to note that for values ofoc 
below 1.5 F(c<) becomes inaccurate. 
For the second frequency region Lyon has developed twa 
alternative expressions for-the noise reduction. Equation 
4.4. gives the noise reduction for a situation in which the 
panel modes are sufficiently widely separated in frequency 
for it to be legitimate to consider them individually while 
equation 4.5. gives the noise reduction for the case where 
a number of modes are excited simultaneously. 
-, 
6Z82 ý. z N. R. = 10 log 
[ý3n ;tý (cL1hl 
CJ l: 4.4. 
where 
C,. 7 
°ý'- 
A is the ratio of the enclosure depth to height. C. is the 
velocity of sound in air, Cj. the longitudinal velocity of the 
panel material, h the panel thickness, L is the shorter 
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I 
panel dimension ( the largest cavity dimension is L. d. ), 
f is 
the frequency in Hertz, and 
4a is the frequency of the first 
cavity resonance in Hertz. Ac) is the noise bandwidth in radians 
per second and CJ is the frequency in radians per second. ýp is 
the panel loss factor, p is the density of the panel and is 
the density of air. 
10 log 
4 
rz 4.5. 12 8 oC (1 + oC) -ýa 
It is interesting to note the difference in frequency 
dependence of the noise reduction in the two cases. From 
equation 4.4. it can be seen that: 
N. R. CIO 10 log (f)8 
and from equation 4.5. 
N. R. or-- 10 log (f)6 
4.6. 
4.7" 
That is, where only one panel mode is excited the gradient 
of the noise reduction characteristics is 24dB/octave but 
when several modes are excited the gradient is only 18dB/octave. 
The third frequency region defined by Lyonjas where both 
the panel and cavity are resonant, is more complex than the previous 
two. Lyon's solution for this region is of'the form shown in 
equation 4.8. and it is limited to frequencies greater than one 
octave below the critical coincidence frequency of the flexible 
wall. 
N. R. = 30 log (f+ 10 log + 10 log - 10 1ogý+ Constent 
fa) 
(qp) 
(14 
r+. 8. 
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where is the loss factor of the box interior and 
includes all loss mechanismcwhich absorb sound in thebox. 
Similarly qp is the loss factor of the panel. g is the ratio 
of the modal density of the enclosure to that of the incident 
excitation ( in Lyon's example this is the exciting room) and 
greater than one octave above the first cavity resonance, g 
is asymptotic to 1. 
For the derivation of these equations and values Lyon 
assumed the excitation to be totally random, the acoustic 
analogue of which is a diffuse reverberant field. The theory 
is not applicable to cases of non-random excitation. 
The loss factor of a vibrating system is defined using 
statistical energy analysis by the following equation: 
W .-H co I 
where W is the energy dissipated per cycle, H is the 
total vibrational energy in the system, w is the angular 
frequency and It is the dissipation loss factor. For his 
hypothetical example Lyon assumes that qp = ýb Constant= 10- 
and he has presented a solution for the noise reduction in the 
third region with a frequency dependence of 4dB per octave. 
However, according to equation 4.8, noise reduction is proportional 
to 30.1og(f) and this gives a frequency dependence of 9dB per 
octave. Moreover, rb is given by equation 4.9. and in practice 
the reverberation time, T, can vary from being almost constant 
to a function which exhibits a complex relationship with 
frequency. 
- 2-2 4.9 
fT 
31 
If T is taken as being constant (independent of frequency) then 
the noise reduction in equation 4.8. has a frequency dependence 
of 6 dB per octave, and is the same as that of the traditional 
sound transmission loss theory presented in section 4.4.1. 
The panel loss factor rLp cannot be accurately described 
theoretically but empirically it is usually found to be almost 
independent of frequency. Howeveri Lyon used a value of 10`2 
while in practice r can vary between 10-1 and 10-5 depending 
on the experimental circumstances. 
It is apparent from the above discussion that the uncertainty 
associated with the magnitudes of the loss factors permits considerable 
manipulation of quantitative results. Lyon has not presented 
any experimental evidence with which to substantiate his 
theoretical spectra. 
Eichl'erjin reference 5, has continued the work of Lyon 
with a more applied approach. Eichler's theoretical approach 
is basically the same as that of Lyon (4) and his numerical 
evaluation for a similär shaped box (with all the walls flexible) 
results inasimilar set of noise reduction characteristics. 
Eichler has extended his theory to include the coincidence 
region. Moreover, by deriving equations in terms of losses 
between elements of an idealised model he has included a far more 
detailed consideration of loss factors than Lyon; although 
in order to produce quantitative solutions he has approximated 
these loss factors, most of which are individually indeterminate, 
to those which can be readily evaluated. 
A major contribution to the noise reduction of enclosures 
arises from Eichler's experimental investigations. He has 
measured the noise reduction, in one-third-octave bands, of two 
rectangular aluminium boxes, one similar in size to Lyon's 
hypothetical example, 283 x 181 x 136mm. and a larger one 
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458 x 407 x 306mm. 
Milstead and Wegscheid (Reference 30) have repeated 
Eichler's measurements on a more complex, ribbed, rectangular 
enclosure, 1067 x 914 x 762 mm, and have achie. ved almost 
identical results both in magnitude and spectral shape. These 
experimental noise reduction spectra show a remarkably good 
correlation with the experimental cab noise reduction measured 
here (Chapter 7) and provide the only basis with which to 
evaluate the modal analysis approach to noise reduction. 
Eichler's theoretical and experimental noise reduction 
spectra for the larger enclosure are reproduced in Fig. 4.1. 
and these are seen to exhibit a good degree of correlation at 
the ends of the spectrum. The region from an octave below the 
first panel resonance to an octave above the first cavity resonance 
exhibits the greatest inaccuracy. Only at high frequencies 
does the experimental spectrum follow a smooth curve, here it 
resembles typical airborne sound transmission loss characteristics. 
At frequencies more than two octaves below the critical coincidence 
frequency however, the one-third-octave measurements cease to follow 
any trend other than that constrained by a broad plateau about 
10 dB wide which extends to an octave. below the first cavity 
resonance (that is, one octave below Lyon's third region). At 
frequencies below this and above the first panel resonance (Lyon's 
second region) the measurements show large abrupt changes in 
noise reduction with each one-third-octave change in frequency # 
and only at very low frequencies, well below the first panel 
resonance, does the spectrum begin to follow a simple trend 
again. 
Pretlove (in references 6 and 7) has presented two 
theoretical investigations into the free and forced vibrations of 
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a rectangular panel backed by a closed rectangular cavity. In 
these two papers Pretlovo has worked through the cases described 
to derive an exact solution for the steady state condition. 
The solution requires numerical analysis, and applying the 
theory to the dame example as Lyon (in reference 4) he has 
derived a continuous noise reduction spectrum for the first 
two Lyon regions, (for frequencies up to the first cavity 
resonance). The complexity of the analysis prevented solution 
over the third frequency region. The curves of Pretlove and 
Lyon are not in very good agreement. Pretlove has attributed 
some of this disagreement to the difference in their hypothetical 
loss factors, while the remainder he attributes to approximations 
made in the Lyon - Maidanik analysis. 
Bhattacharya and Crocker (in reference 8) have provided 
a complete analysis of the forced vibration of a panel and 
and resulting radiation of sound into a room. They have derived 
a general solution of the wave equation with inhomogenous boundary 
conditions. The failure of the authors to evaluate this solution 
in reference 8 and in subsequent papers (references 9 and 10) is 
taken as sufficient indication of the difficulties involved. 
Their solution has, however, given rise to a better understanding 
ý 
of the response of a panel backed by a cavity and excited by 
incident sound waves. In particular in references 8 and 9 
Bhattacharya has presented a new explanation of the phenomenon 
known as coincidence. According to classical theory coincidence occurs 
when the wavelength of incident sound waves projected onto a panel coincide 
with the wavelength of flexural waves in the panel (see 4.4. ). Bhattacharya 
has shown that the coincidence effect occurs on the cavity side of the panel 
and that the coincidence frequency is independent of the angle of the 
incident excitation. The same conclusion as that of 
Bhattacharya is derived, independently, from an alternative 
3rß 
theory which is developed later in this chapter (4.4.3. ); 
moreover, its validity is demonstrated experimentally in 
Chapter 6. 
in references 1 to 10 some of the recent theoretical methods 
of evaluating the noise reduction characteristics of rectangular 
enclosures have been described. However modal theory analysis 
is not wellsuitedto evaluating the noise reduction characteristics 
of the tractor cab situation described earlier. The theories 
require a stätistically averaged incident field, while the 
cab is excited by pseudo plane waves at defined angles of incidence. 
In order to apply modal analysis under these circumstances we 
would need to know the response of a panel to excitation by 
plane waves at a particular angle of incidence. The only analysis 
of this type occurs in the classical theory of airborne sound 
transmission loss. (See 4.2. ). 
A further difficulty in applying modal analysis to the 
tractor cab situation arises from consideration of the 
theoretical coupling loss factors between vibrating systems. 
These are extremely difficult to measure and in practice it is 
only possible to evaluate one or two combined loss factors; 
individual loss factors must be approximated. This difficulty 
ý in attributing precise values to the loss fcctors has 
considerable bearing on the accuracy of noise reduction 
characteristics calculated from modal analysis. 
The exact. -solutions of Pretlove and Bhattycharya and Crocker 
have little quantitative significance since their evaluation 
has so far defied numerical solution. 
4.3 Noise Reduction from Classical Theories 
The theories of modal analysis described in section 4.2. 
presett a useful qualitative description of the noise reduction 
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of enclosures. They do not however lend themselves to the 
accurate quantitative interpretation of practical situations. 
In order to derive theoretical noise reduction spectra for the 
cab it is necessary to consider the classical or architectural 
theories of acoustics and in particular the theory of airborne 
sound transmission loss. Although such theories hypothesise 
idealised situations and as such are not strictly as accurate 
as modal analysis they utilise parameters which can be measured 
more exactly. In the following section the noise level in the 
cab is shown to be a function of the incident field, absorption 
in the cab and transmission loss of the cab walls. The 
nature of the incident field is approximated and described in 
Chapters 3 and 5, the absorption in the cab is shown in this 
section to be simply evaluated by means of decay time measurements, 
while the sound transmission loss theory is described in section 
4.4. 
Consider a source of plane sound waves of acoustic 
intensity, Is, between'two infinite parallel plates of normal 
incidence acoustic absorption, a, where as is the fraction 
of intensity not reflected. Successive reflections normal 
to the plates give a series of terms of the form: 
ý 
In _ Is (1 - a)n 
where In is the intensity of a wave remaining after n 
reflections. In steady state conditions with no losses other 
that the absorption, a, the total intensity, I, between 
the plates is given by: 
° ýýn =ý 
txs tý`ý) ý 
n=o Alt 0 
and therefore I= Ie 
a 
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Now consider a source of plane sound waves, intensity 
Ip, travelling normal to the plates but outside the plates. 
After incidence at a plate, Ip will have three fractional 
components V and . These are the fractions of intensity 
lost to the plate, transmitted by the plate and reflected by 
the plate, and: 
6 +, T+Y =1 
The absorption, a, is the fraction not reflected and is 
given by: 
a . -ý+ý _1 -E 
't'is the acoustic Transmission Coefficient (See 4.4. ). After 
transmission by the first of the pair of plates the intensity 
within the cavity, Is, is given by: 
18 = Ip 'Y 
and the steady state intensity between the plates is given 
by equation 4.10. 
I= Ip_ý 
a 
ý 
In terms of sound pressure levels: 
Lpc = Lpi -R- 10 logla(a) 
- 4.10 
4.11 
where Lpc is the total sound pressure level between the 
plates, Lpi is the sound pressure level outside the plates 
and R- is the airborne sound transmission loss of the plates. 
The value of the absorption coefficient, a, can easily be 
measured and will always be less than unity. The function 
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- 10 log10 (a) will always have a positive value. It is 
obvious that for a minimum noise level between the plates we 
require maximum transmission loss and maximum absorption. 
In order to extend the parallel plate example to the 
totally enclosed cab situation we must consider the acoustic, 
absorption parameter, a, in more detail. In the simple 
example the sound intensity considered is always normal to the 
parallel plates, but in the cab situation the sound may be 
incident from any random angle. Since the absorption 
coefficient changes with the angle of incidence, then unless the 
incident sound is completely random we must determine the angular 
distribution of incidence and the corresponding angular 
dependence of the absorption of the cab panels. - These measures 
are impractical. If the sound were completely random then 
an experimental random incidence absorption coefficient could 
be 
readily determined. $owever, this is not likely to be the case 
since panels near'an edge of the box can only receive 
incident 
sound from a limited solid angle. Moreover the panel materials 
used in the cab are usually associated with low absorptions and 
consequently we can expect large numbers'of reflections, and 
under these circumstances airborne absorption is likely to be 
a significant factor. Theoretical evaluation of airborne losses 
requires analysis of the mean free path length between reflections 
in the enclosure. This rapidly increasing complexity associated 
with the evaluation of the absorption coefficient can be bypassed 
by the simple experimental measurement of sound pressure level 
decay time in the enclosure. 
From the mean decay time the total rate of loss of energy 
of the cavity can be determined. Both the energy lost by the 
cavity to the enclosure walls and the energy dissipated in the 
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cavity are considered, and the accuracy of the evaluation 
relies only on the accuracy with which the mean sound pressure 
level decay time can be measured. The rate at which sound 
energy is incident on the cab can be determined from the data 
measured earlier. Multiplying this by the transmission 
coefficient of the respective cab panels we can calculate the 
rate at which energy enters the enclosure. Equating the energy 
entering the enclosure to the energy dissipated by the cavity 
we can determine the steady state noise level in the cab. 
If IT' is the mean'reverberation time of the cavity, 
at a given frequency, then the rate of decay of sound pressure 
level is 60/T dB/sec. At any instant, t seconds after the 
start of the decay: 
Lpc wTt+ Constant 4.12 
where Lpc is the sound pressure level in the enclosure 
and is related to the absolute mean sound pressure, p, by: 
Lpc = 10 log10 2 
Po 
where po is the sound pressure reference level. 
Lpc )( -61Ot 
p2 _ pot a 
4.343 
pot e 
4.343T 
The average sound energy density in a room 
-4- 2 Joules/m3 
/0 c 
Therefore the rate of loss of energy from the cab volume, 
V, is given by: 
(4-. 343T) 60t dV .ýd Vpo. 
2 
e dt 
ý2 
dt 2 CýC 
-60t 
60 Vpa2 e(4.343T) 
4.13 
4.343T 
/1o c2 
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Again using equation 4.13 the rate at which energy is leaving 
the cab is 
r. nu r 
2 
=-Y" Joules/sec 4.14 
4.343Tpc 
L 
If an intensity, Ipi, is incident at an angle 01, on 
the ith cab panel, and this panel has an area Ai, and a trans- 
mission coefficient Ti, then: 
The rate at which energy is entering the cab 
(Ai Ti CosOi Ipi) 
In terms of sound pressure levels 
(- Lpi .22( 
_ pi PO e4.343 /c 
1P 
c 
where pi is the absolute mean sound pressure, and Lpi 
the mean sound pressure level, in dB, relative to po, of the 
sound incident on the ith cab panel. 
Therefore the Hate at which energy is entering the cab 
0a 
(Ai 
Ti CosQi a 
4.343 
) 
x+. 15 PO 
2p3, 
c 
Equating the magnitudes of the rate at which energy is 
entering the'cab cavity (equation 4.15) to the rate at which 
energy is dissipated by the cavity (equation 4.14) we obtain 
the steady state sound pressure level in the cab: 
. _60V 
p2 
... _. _, 
4.343T /oc2 
2( Lpi ý (Ai 
Ti Cos0i. e 
4.343 4.16 
c 
Lpi ý 
ý-- = 
4.343T 
-° 
(Ai 
Ti CosQi et4.343 
D0 
2 60V 
r- 
In terms of sound pressure levels-the steady state sound 
pressure level in the cab, Lpc, is: 
Lpc = 10 log10 
4.343T c 
60V / \"- -_ ___ -- -IJ 
T.. t 
` 
't'i Cos t9i eý+' sý+ 3 
(AL ` 
N 
.. ý, 
ý 
4.1? 
Equation 4.17 is used in chapter 5 to calculate the noise 
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reduction of the experimental cab. The parameter 
Ti is 
evaulated further in the following section (4.4. ). 
It is apparent that equation 4.17 is basically similar 
to equation 4.11 and while it is strictly invalid to compare 
these two equations directly, it is interesting to do so. The 
value of the absorption coefficient tat obtained by comparing 
them can be simply shown to be that given by equation 4.18. 
a= 
60 V 
4.18 4.343 cT 
This equation is very similar to the Millington Sette and Sabine 
reverberation time equations for diffuse rooms. (reference 11). 
The main difference is the statistical distribution factor, 4, 
which is normally introduced to take account of random incidence. 
The absorption coefficient, a, in equation 4.18 is for normal 
incidence only. By bypassing this evaluation of a non-normal 
incidence absorption coefficient we have been able to avoid the 
use of a random incidence correction factor or any approximation 
to it. 
4.4. The Theory of Airborne Sound Transmission Loss 
This section presents and examines the accuracy of the theory 
of airborne sound transmission loss, and in particular the acoustic 
transmission coefficient, , used in equation 4,17 to predict the 
noise level in the cab. 
Typical measured airborne sound-transmission loss spectra 
do not follow classical transmission loss theory closely. Large 
discrepancies often occur and these cannot be adequately explained 
by the classical theory. The following section presents the 
classical theory and describes anomalies which occur on its 
application. By following the derivation of transmission loss 
theory, and eliminating certain invalid assumptions, it is shown 
that the resulting-modifications enable a simple explanation of 
these anomalies to be given. 
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The- dependence of classical sound transmission loss theory 
on the angle between the incident sound and the panel is shown 
to be false. Angular dependence is, however, shown to occur on 
the transmitted side, and the transmission loss is shown to be a 
function of, the angular radiation characteristics of the panel. 
Following from this conclusion the 'forced wave$ coincidence 
theory is modified to provide classical consideration of 
Bhattacharya and Crocker's modal analysis finding, (reference 9) 
which shows the coincidence frequency to be independent of the 
angle of incidence. 
4.4.1 Current Classical Theory 
The theory summarised in this section is widely known but 
is presented in order to give a greater understanding of the 
subsequent modifications. 
Classical transmission loss theory is based on a derivation 
of the transmission coefficient for a plane wave incident on a 
thin homogeneous infinite panel. (See Appendix I). The resulting 
transmission coefficient, T, is given by equation 4.19. 
I 
+C17-1 C. os 9l 
4.19 
xc/ 
and the transmission loss, R= 10 1og10(: 
Y ) 
4.20 
where Q= the angle of incidence on the panel, 
The solution for theacoustic impedance, Z. for an infinite 
panel is, by analogy with the mechanical impedance of a single 
degree of freedom system, often assumed to be of the form shown 
in equation 4.21. 
ý2 
-Z = (jm +r+k 
]w 
where m is the surface mass ra damping factor and 
ka stiffness factor. 
For most practical situations r and k are assumed to 
be small such that: 
zý jWm 
4.21 
and R_ 10 1og10 1+ c.., m Cos9) 
2 4.22 ( 
` 2ýc 
Equation 4.22. is known as the 'Limp Wall Mass law'. A more 
strict solution for Z was presented by Cremer in reference 12. 
Cremer has shown Z to be a-function of the panel flexural 
stiffness as shown in equation 4.23. 
jwm - 'ý B c. ý3 S4n 6ý " 4.23 
C4 
where the flexural stiffness per unit width 
ý 
ýJ B= 
(1- 4"24 
Equation 4.23 shows a resonance occurring atan angular 
frequency I wrl given by equation 4.25. This resonance is 
the phenomenon known as wave coincidence and occurs according 
to Cremer when the wavelength of the incident radiation, 
projected onto a panel, equals the wavelength of free flexural 
waves in the panel. 
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2 
WG - __... e. S 29 
4.25 
By inserting a complex modulus of elasticity E* =E(1 +jrL) 
into equation 4.24 the damping factor, 'rLi can be introduced 
into equation-4.23, resulting in equations 4.26 and 4.27. 
Z- 3w ºý - ýýc 
a SMý'9 +ý Sk 4 
cý c 
4.26 
_W4 
C1+ rýý)) 
2ý 4.27 wc Wc 
(By setting B to zero we obtain the 'limp wall mass law' of 
equation 4.22). 
The conventional method of measuring transmission loss 
is by placing a specimen between two reverberant chambers. 
Experimental values obtained in this way lie about a mean 
approximately 5 dB below the normal incidence (0 = 00 ) 
curve, described by equations 4.19,4.20 and 4.26. 
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However, sound in a reverberant chamber is diffuse. Integrating 
the transmission coefficient, 1' , over the solid angle provided 
by all possible incident angles and taking the mean value 
gives equation 4.28. 
ýý 
.fý -ýcaý sý, ý c, ý ý ýý 
ý Ja° se c, 'Qc 
.. ý. 
4.28 
T is called the random incidence transmission coefficient. 
Solution of equation 4.28 with i'(Q) given by equations 4.19 
and 4.26 requires numerical integration and describes a curve 
which is approximately 9 dB below the normal incidence 
prediction. The 4 dB discrepancy between mot' and experimental 
values is overcome by hypothesising a limiting angle, 
GL 
, above 
which sound cannot be incident on the panel. Integration of 
equation 4.28 over the solid angle between 00 and Q: defines 
a solution for 't termed The Field Incidence Transmission Coefficient, 
Tr- The best empirical fit is usually found when QLis about 
800 and 
Tv then describes a curve approximately 5 dB below 
the normal incidence curve. 
An attempt to measure 9L has been made by Cummings. (reference 
l3). From equation 4.25 it can be simply'shown that OLtakes the 
form given in equation 4.29. 
` fL (Qo°) 
fý (9ý) 4.29 
where 
2ý 
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For a particular experimental arrangement Cummings has measured 
the minimum experimental coincidence frequency, to be 
13777 Hz. He compares this with a calculated value for fc. (900) 
of 13580 Hz (from equation 4.25) and uses equation 4.29 to 
derive a value of 8306, for QL. However the inaccuracy with which 
Cummings calculates -Fc(90o) is sufficient to render his result 
somewhat suspect. Moreover it is shown in this thesis that 
fc is independent of the angle of incidence and that equation 
4.28 takes on a totally different meaning. 
Equations 4.19,4.20,4.26, and 4.28 integrated between 
00 and OL represent current classical transmission loss theory. 
4.4.2 Experimental Anomalies 
The equations presented in 1+. k. 1. are widely accepted 
as being accurate. However examination of typical measurements 
reveals discrepancies which are not adequately explained by 
current theory. 
Below the coincidence frequency the slopes of experimental 
transmission loss versus frequency characteristics deviate 
considerably from the 6 dt per octave predicted by the mass 
law. This slope usually lies between 2 and 6 dB per octave 
and is most often between 3 and 4 dB per octave. In addition 
the experimental characteristics vary considerably in amplitude 
between the normal and random incidence predictions, more often 
lying on the field random incidence curve when coincidence is 
approached and on the normal incidence curve at low frequencies. 
Current theory is incapable of explaining then anom älies. 
A further deviation from theory occurs at the coincidence 
frequency where there is no evidence to confirm that the 
coincidence frequency varies with the angle of incidence. 
. 46 
The Author (in this thesis, chapter 6), Bhattacharya 
(reference 9) and ousting (reference 14) have measured 
coincidence frequencies which are independent of 
the angle of the incident excitation. This contrasts with 
equation 4.25. Moreover, above the critical coincidence 
frequency, CJc, the theoretical transmission loss rises at a 
rate of 18 dB per octave. In practice gradients this large 
are not observed and 10 dB per octave is a typical empirical 
figure. 
Perhaps the most widely accepted problem associated with 
the current theory is that at grazing incidence the transmission 
loss falls to zero. In fact although this situation is readily 
apparent in equation -4.19, in practic. e the transmission loss 
becomes indeterminate under these circumstances since the 
energy incident on a panel, from a plane wave at an angle of 
incidence B, is proportional to the cosine of that angle, and 
no energy is incident at grazing Incidence. Despite this 
indeterminacy however the dependence of equation 4.19 on the angle 
of Incidence Is generally considered false. The zero transmission 
loss isfhown in the following section to occur only under 
certain unrealistic circumstances. 
ý 
4.4""3 Revised Classical Theory 
A derivation of the transmission coefficient equation 
(4.19) appears in reference 13 and is presented in Appendix Is 
while a satisfactory derivation of the acoustic impedance of an 
infinite panel excited by plane sound waves (equation 4.23) is 
not available, even in Cremer's original paper. In order to 
explain the deviation of experimental evidence from classical 
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theory it is necessary to consider the derivation of these two 
equations more closely. 
It can be seen from the derivation of the transmission 
coefficient equation (4.19) (A5 in Appendix I) that an 
idealised situation exists whereby a single point on a panel 
is considered to be representative of an infinite area. The 
assumption implicit in this consideration is that the panel does 
not bend. In practice panels do bend, and it is necessary 
to modify equation 4.19 in order to provide a better 
experimental agreement. 
It is generally assumed that O in equation 4.19 is the 
angle of'incidence on the panel. By following the derivation 
in Appendix I, it can be seen that in fact the angular dependence 
occurs on the transmitted side, and only appears on the incident 
side as a result of the further assumption that the incident 
and transmitted angles are equal. This latter assumption has 
arisen from the similarity between the velocity potential 
derivation and the corresponding electro magnetic wave theory, 
where Snell's law applies. However, Cummings, in reference 13, 
has shown that for panels less than several inches thick acoustic 
transmission occurs as a result of whole panel movement and 
not as a result of compressional waves travelling through the 
panel. Consequently the transmission mechanism is not similar 
to the electro magnetic case and the assumption is unacceptable. 
Ideally because of this false assumption regarding the basic 
nature of sound transmission through a panel, the whole classical 
derivation can be considered invalid. However, ° we can render the 
derivation acceptable by considering the transmitted angle to be 
related to the incident angle only by the bending shape of the 
panel. By following the derivation in Appendix II with an 
incident angle 9 and an independent transmitted 
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angle 0 we obtain equation 4.30 for the transmission 
coefficient. 
i- 4.30 T .ý Cos 0Z (a 50 (IT 2 Cos 0 2flc 
By placing & equal to 
0 
we obtain equation 4.19, (In performing this 
derivation we have assumed that the magnitudes of the reflected and the 
incident angles are equal in order to obtain a solution. Also, although 
we have introduced panel bending, we have still assumed uniformity in the 
z direction, consistent with plane wave excitation. ) 
Equation 4.30 permits a much broader interpretation of the 
angular dependence of transmission loss, facilitating an 
explanation of many of the anomalies described in 4.3.2. 
If we assume constant incident conditions then the function 
Cos ý can take on a large number of values relating to all the 
available transmitted angles resulting from the bending of 
the panel. We require the average value of the transmission 
. __.. 
coefficient, T, for all these angles. Unfortunately it is 
impossible to evaluate 
T without information describing the 
radiation characteristics of the panel, and this information 
is not available. However it is reasonable to suggest that the 
... 
only mechanism by which substantial non normal radiation can 
take place is by flexural wave motion in the panel. At 
frequencies well below the coincidence frequency, because of the 
mismatch between the natural wavelengths of sound in the air 
and the free flexural waves in the plate, there will be considerable 
resistance to flexural wave motion. At these frequencies we 
would expect very little non normal radiation and the 
transmission coefficient would be given by equation 4.31. 
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For small incident angles this will be the same as in the original 
classical theory. At frequencies approaching the coincidence 
frequency the panel will exhibit greater flexural wave motion 
and sound will be radiated at increasingly larger transmitted 
angles. As O in equation 4.30 increases then 1/'Z' decreases 
and the transmission loss is reduced to a level below that given 
by equation 4.31. At the coincidence frequency, where there is 
no airborne resistance to flexural wave motion, then the transmission 
loss undergoes a rapid decrease in amplitude due to the large 
transmitted angles arising from the motion of the panel. 
It is apparent that the coincidence effect is not a direct 
result of the projected wavelength of the incident sound 
equalling the wavelength of free flexural waves in a panel, as 
in Cremer's concept, but is a phenomenon associated with the 
angular radiation properties of the panel. This'confirms the 
work of Bhattacharya and Crocker (reference 9) who have used 
modal energy analysis to show that the coincidence effect occurs 
on the transmitted, side of a panel, and that the coincidence 
frequency is independent of the angle of incidence of the 
exciting radiation. It should be noted that Bhattacharya 
and Crocker's coincidence effect depends on the presence of a 
cavity behind the panel while the theory presented here does 
not. 
A typical experimental curve is compared with a theoretical 
normal incidence and transmission curve, as given by equation 4.311 
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in Fig. 4.2. As the coincidence frequency is approached then 
the experimental results can be seen to drop below those given 
by the theoretical curve, while at low frequencies there is 
a good correlation between the two characteristics. 
The modifications to the classical theory presented here, 
result in a satisfactory description of the shape of transmission 
loss characteristics which hitherto has been based solely on 
empirical observation. In addition it can be seen from 
equation 4.30 that the original dependence of the transmission 
coefficient on the angle of incidence of the exciting radiation 
no longer holds true and that at grazing incidence the 
theoretical transmission loss derived from this equation becomes 
infinite. 
It is interesting to note that if we average equation 
4.30 over, the solid angle generated by all the possible transmitted 
angles, as we did to obtain equation 4.28 for the incident 
condition, then we obtain a very flat transmission loss 
characteristic with almost zero gradient over-a large frequency 
range. This corresponds with a high degree of correlation to 
the experimental transmission loss characteristics of perforated 
plates where we would expect sound to be diffracted at large 
transmitted angles (Reference 37). 
So far we have derived an equation for the transmission 
coefficient which has given rise to an accurate description of 
experimental sound transmission loss characteristics. We have 
not however introduced any equation which gives rise to a more 
accurate quantitative description than that given in the 
classical theory. We can do this by considering equation 
4.23. This equation shows the coincidence frequency to be a 
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function of the angle of incidence of the exciting radiation, 
and since a satisfactory derivation does not appear elsewhere 
one is presented in Appendix III. It can be seen from this 
derivation that the angular dependence of equation 4.23 arises 
from the nature of the forcing distribution on the incident 
side of the panel. However, it has been shown here and by . 
Bhattacharya in reference 9, that the coincidence effect occurs 
on the transmitted side of the panel. The spatial forcing 
distribution ön the transmitted side can be described by the 
resistance offered to flexural wave motion in the panel by the 
surrounding air, and Is I in equation A7 is then given by 
J/c . 
5iný where A is the transmitted angle. The minimum 
coincidence frequency is given by equation 4.32. and is no 
longer dependent upon the angle-of the incident excitation. 
4.32 
ý 
jom + ýc. ý3 ý+ . 33 cC 
The mechanism of transmitted coincidence is very similar 
to that of the adcepted incident wave theory. In both cases 
coincidence occurs when there is minimum reaction between 
soundwaves at the panel surface and flexural waves in the 
panel; this arises when the projection of the soundwave on to 
the surface is coincident with the flexural waves in the surface, 
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both in velocity and wavelength. The difference, however, is 
that in the accepted theory the frequency at which coincidence 
occurs is dictated by the angle and the frequency of the 
incident plane waves, while in the theory presented here the 
sound waves are on the transmitted side and are free to find 
their own direction. For broad band excitation coincidence 
will usually occur at the minimum possible frequency. At this 
minimum coincidence frequency sound is radiated at an angle 
of 900 to the panel normal, (ie at grazing transmission) and. 
the transmitted sound waves can travel in complete phase with 
the travelling waves in the panel, thereby exhibiting minimum 
resistance. See Fig. 4.3. 
It is not possible to quantify the slope of the transmission 
loss characteristic above the coincidence frequency because the 
necessary information regarding the angular nature of the 
transmitted sound is not available. 
Equation 4.33 is therefore used in equations 4.31 and 
4.17 to calculate the noise level in the, experimental cab. 
(See Chapter 5). 
In the above theory we have only considered infinite 
plates and in practice where finite plates are employed it is 
not unlikely that the large individual resonances (standing 
flexural wave resonances) occurring at low frequencies will 
give rise to dispersion of the transmitted waves and a 
subsequent fall in predicted transmission loss. 
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Any excitation of the panel 
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Frequency. 
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FIG. 1". 3. 
53 
CHAPTER 5 
Evaluation of the Theoretical Noise Reduction 
of the 
Experimental Cab 
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5. Evaluation of the Theoretical Noise Reduction of the 
Experimental Cab 
5.1. Introduction 
The present chapter is concerned with the quantitative 
evaluation of the predicted airborne noise reduction of the 
experimental tractor cab. The evaluation is based on equation 
4.17 derived from the classical theories of acoustics in 
Chapter 4. ' Several of the parameters incorporated in this 
evaluation are particular to the experimental cab situation 
and it was necessary to determine experimentally the magnitudes 
of these and also their dependence on frequency. The 
measurement of the mean intensities, Ii, and the mean angles 
of inciäence, Gi, on the panels, the mean reverberation time 
spectra in the cab, T, and the damping factor for each panel, 
r%, is described, and discussed together with certain approximations 
introduced to simplify the evaluation. The inaccuracy resulting 
from the use of these. experimental terms is examined and their 
relative importance in determining the. theoretical noise 
reduction spectra is discussed: The chapter concludes with a 
presentation and description of the theoretical spectra. 
5.2. Theoretical Evaluation 
5.2.1. Generation of Theoretical Spectra 
0 
Theoretical noise reduction spectra for the cabs were 
calculated using three equations derived in Chapter 4; 
these are: 
LPc = IQLo31o 
r"" .. _, 
4,17) 4 "3 43 1c(; FLli- . 3) 60 V Ai ýº Gos 9º Q 
I 
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I CO!, + Co ýi 2+2. Cos t9i 2Pý 
Z -- 'ý GJ m; 
a+ 1l;.. _ý; ) cý cý 
(4.30 ) 
(4.33) 
For any particular cab configuration the parameters 
c, V, in, Bi, /o, and Ai can be considered as known constants. 
The empirical evaluations of T, 9 1, Lpi, and r1i are described 
later in this chapter. The angular frequency, CJ, is the basic 
variable with which we describe the variation of the cab sound 
pressurelevel, Lpc, giving rise to the spectra. We are 
concerned with the audible frequency range and the cab sound 
pressure level was calculated in steps of 1/9th octave over 
the frequency range 20 Hz to 25K Hz. 
The only parameter in the above equations which we cannot 
describe quantitatively is the transmitted angle, , (strictly 0t). 
In practice 0 encompasses a distribution of angles, therefore, 
idealty we should integrate 0 over the solid angle 2TC for the 
whole of the transmitted side of each panel, at'each frequency, 
However because of the lack of information regarding 
ý 
transmitted angles, and the experimental difficulties associated 
with trying to measure them, this is impossible. Therefore in 
order to complete the evaluation of the above equations a 
single value of A= 0° was used. The normal' transmission case 
(ý = 0ß) was chosen as being most consistent with classical 
theory, and clearly it presents the panel as part of an 
infinite piston moving normally to its plane. It has beon shown 
in Chapter 4 that this is not the case and that the panel 
exhibits flexure. 
2 
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5.2.2 Noise Reduction 
The theoretical cab noise reduction, N. R,, is defined as the-alge- 
braic difference, in dB, between the calculated sound pressure level-spectrum 
in the cab, Lpc, and that measured at the operator's station in the 
absence of the cab, Lpo. 
The present section is concerned with simplifying the computation 
of cab noise reduction spectra from equation 4.17 and shows how. for a 
particular panel material the spectral shape of the noise reduction 
versus frequency characteristic is independent of the spectral shape 
of the incident sound pressure levels. 
The incident sound pressure levels, Lpi, the calculated cab sound 
pressure level, Lpc, and the sound pressure level at the operator's 
station in the absence of the cab, Lpo, are'frequency dependent and 
represent respective spectra. Each of the spectra Lpi, Lpc, Lpo are 
composed of one third octave bands of centre frequency c4 and having 
sound pressure level magnitudes, in dB, 'described by Lpi(, ), Lpc(, ) 
and Lpo(w) respectively. The spectra also have associated with them 
overall 'A' weighted sound pressure levels, Lpi'A', Lpc'A' and Lpo'A' 
respectively, which are'logrithmicsummations of all the one-third-octave 
band 'A' weighted sound pressure levels in the audio frequency range. 
There will also be one-third-octave components of N. R. with magnitudes 
of sound pressure level differences N. R. 
To determine a cab sound pressure level spectrum using equation 4.17, 
it is necessary to replace Lpc and Lpi with Lpc() and Lpi(, ) respectively, 
and compute Lpc(, ) for each discrete third octave band centre frequency 
in the audio spectrum. 
The spectrum of sound pressure levels at the operator's station in 
the absence of the cab, Lpo, and the i spectra of sound pressure levels 
incident on the cab, Lpi, have been shown to have the same spectral 
distribution of sound pressure levels (same spectral shape): only their 
overall sound pressure levels vary (see Chapter 3), it is useful to 
describe this result algebraically by defining a fixed spectrum of 
decibels represented by Lp and with one-third-octave components of 
magnitude Lp(,, ) (see Fig. 5.12) such that: 
Lpo(w) = Lpo'A' - Lp(, ) 5.1 
and Lpi(W) = Lpi'A' - Lp(, ) 
where Lp(W) describes the variation of Lpo and Lpi with frequency and 
Lpo'A' and Lpi'A' the respective overall sound pressure levels('A' weighted). 
For a single centre frequency, ca, the third octave magnitudes of Lp(,, ) 
are equal for all i Lpi(, ) and LpoM. 
In equation 4.17, Lpc and Lpi are linearly related such that an 
increase of x dB in each of the i Lpi() gives rise to an identical increase 
of x dB in Lpc(, ). Thus if at a band centre frequency o, the i Lpi(, ) are 
replaced by i Lpi'A' then equation 4.17 becomes: , (Lpi, A) 
Lpc(w) t Lp(v) _ 10 log10 
L4.360VTc (Al Ti Cos6i e 
4.343 
Now by definition NR(w) = Lpo(,,, ) 
and from equation 5.1 NR(w) = Lpo'A' - LP(, ) - LpcW) 
NR(, ) Lpo'A' - (LpC(w) + Lp(, ) ) 
4- LpiA' 
NR(to) Lpo'A' - 10 log10 
4'360VTc (Ai Z'i Cos0i e 
4.343 
Thus the need to consider, the variation with frequency of the incident 
excitation in the computation of the noise reduction spectra has been 
eliminated and the incident excitation has been included in a form which 
can be readily derived from the equal dB(A) contours measured in Chapters 
2 and 3, as can Lpo'A'. 
5.3 The Incident Sound Field 
We require in this section to describe accurately the sound field 
incident on each of the cab panels in terms of the overall mean 'A' 
weighted sound pressure levels, Lpi'A' and the mean angles of incidence, 
91, given in equation 4.17. To do this for the whole of the cab area is 
difficult since the greater part of this area is excited by diffracted sound 
much of which is incident at angles approaching grazing incidence and 
cannot be measured accurately. The problem can be simplified by limiting 
the number of panels under consideration; By evaluating the relative 
influence of each of the panels on the cab sound pressure level it is 
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possible to decide that the number of panels through which 
significant sound enters the cab is two. These are the front 
and bottom panels. 
5.3.1. Evaluation of Lpi'A' 
The sound pressure level contours measured outside the 
cab, described in Chapters 2 and 3, show that the panels at the 
sides of the cab are excited by levels at least 7 dB below those 
at the front and bottom of the cab where the excitation is by 
direct radiation from the engine, the top and rear panels are 
subject to*levels greater than 10 dB below. In addition the 
transmission loss of the 6mm glass panels is always greater than 
12 d$ above that of the best. non-glazed panel material. We can 
conclude that the sound energy entering, the cab via the lower front 
and bottom panels dominates that from all other sources with an 
accuracy of better than 1 dB. (N. B. Logarithmic summation of two 
dB levels (x)dB + (x - 10)dB gives rise to a very small increase 
of only (0.4)dB"to (x + 0.4)dB). Further experimental confirmation 
of this conclusion is provided by the panel removal experiments 
described in Chapter 3. Each panel was removed in turn and the 
consequent change in cab noise level (dBA) measured. These 
measurements are detailed in Table 3.1. and show that the noise 
entering-via the front panel is 10 dB greater than that entering 
via other panels excepting the floor panel, which is 'only 3dB less. 
The magnitude of the sound pressure levels of the noise 
incident on the front and bottom panels is best deduced from the 
d8 1A' contours of the cabless tractor. From these we can 
measure the sound levels coincident with panel positions. The 
equivalent contours with the cab in place must be measured a 
small distance from the panels. It is apparent that the cabless 
contours will not exhibit reverberant properties which might in 
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practice be generated in the air space between the cab and 
tractor and to a lesser extent between the cab and ground. In 
this region however, the tractor structure consists mainly of 
small curved areas which can be considered as dispersive and 
unlikely to give rise to reverberant conditions. Experimental 
confirmation of this assumption is provided by the small 
differences between the relative amplitudes of the cab-and non- 
cab-equipped contours around the cab. These do not exceed 3dB. 
(''le can expect some difference due to the addition of the 
component of sound reflected'from the cab in the case of the 
cab-equipped contours). 
Experimentally, it has been shown (Chapter 2) that the spectral 
shape of the sound pressure levels. in the region with which we 
are concerned does not vary by more than 1 3dB. Consequently 
an 'A' weighted sound pressure level anywhere in the planes of 
the panels can be interpreted in terms of a continuous spectrum 
of unweighted sound pressure levels, and this in turn can be 
converted into a spectrum of absolute intensity levels. Such 
intensity spectra can be derived independently of any assumptions. 
However, in order to specify a mean overall 'A''weighted sound 
pressure level, Lpi 'A', of the noise incident on each panel, 
ý 
and a mean angle of incidence, Oil associated with each mesn 
sound pressure level, we mud. hypothesise that 
, 
they are 
composed of undirectional plane waves travelling normal to the 
contours. The implicit assumption that the contours measured 
in the plane of. each panel are the contours of the sound 
incident on each panel, towards the cab, is reasonable since 
all the sound is being radiated outwards from the engine area. 
The equal 'A' weighted sound pressure level contours 
coincident with front and bottom panels are shown in Fig. 5.1. 
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These contours can be approximated to follow straight lines 
perpendicular to the tractor axis, and horizontal, that is 
parallel to the lower front edge of the cab. Consequently 
the sound field over each panel can be expressed in two 
dimensions, the. 'A' weighted sound pressure level and perpendicular 
distance from the lower front edge of the cab. These are plotted 
in Figs. 5.2 and 5.3. The va riation of sound pressure level 
is approximately linear in both cases and this allows a simple 
evaluation o. f the mean sound pressure level incident on the area 
of each panel. 
For example: For the bottom panel. 
From Fig. 5.2. the mean decay of sound pressure level 
('A' weighted) with distance along the panel is 4.36dB per metre, 
and the distribution of 'A' weighted sound pressure level 
Lp 'A' is given in equation 5.2. 
Lp 'A' = 9413 - 4.36D 5.2. 
where D is the perpendicular distance from the front of the cab. 
Choosing an arbitrary intensity, I, such thgt Lp 'A' = 101og10(I), 
enables the mean value of Lp 'A' over the whole panel to be 
determined. 
The Intensity I= e2.3026(9.43 - 
0"436D) 
ti 
The mean Intensity 1 
1*25 I. dD 
1.25 o 
., 6 
where 1.25 _ the length of the panel in metres. 
n 
vI 
0.1= 
1"56 x 107 
-The-corresponding mean*'A' weighted sound pressure level is 
91'8dB (A). 
Similarly for the front panel the mean 'A' weighted sound pressure 
level(LpilA') is 92.7 dB (A), 
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5.3.2. Evaluation of 91 
The experimental contours have been used to calculate accurately 
the mean intensity incident on each panel. Derivation of the mean 
angles of incidence, 01, is less precise. We need to determine a 
single angle of incidence which will be representative of the 
incident conditions for each panel. Consider the cab geometry 
relative to the engine side walls where most of the sound originates 
(Fig 5.4. ). The largest likely angle of incidence in the horizontal 
plane is 9 0, In the noise reduction theory we are concerned with the 
cosine of the angle of incidence, in this case 0.9864, only 11% less 
than the normal incidence case. The incident angle evaluation can 
therefore be simplified by describing the field in terms of only one 
angular dimension, over the panel. That is, we can assume that all 
sound observed in the horizontal plane is incident at 0°, andthe 
angles of interest are in vertical planes parallel to the tractor 
axis. Averaging the angles of the perpendiculars to the contours 
where they intersect the planes of the panels presents some 
difficulty. There is no simple pattern, as is the case for the 
intensity distribution, and the angles cannot be converted to a 
simple scale of linear dependence, as the sound pressure level was 
converted to intensity. Averaging was therefore achieved by taking 
the arithmetic mean of all-the angles between the contours crossing 
the plane-of each panel and the panel. This is not an accurate 
procedure but in practice it gave angles of mean incidence equal 
to 38° and 50° for the front and bottom panels respectively. The 
sum of these angles is close to 900 and. is consistent with the 
proposal of a plane parallel wave, in the' vertical plane. 
5.3.3" Dependence of Noise Reduction on Bi 
The angle at which the airborne excitation of the cab 
is incident on each of the panels, 01, occurs twice in equation 
4.17., directly in the terms Cos Q i, and indirectly as a part of 
6.2 
the transmission coefficient, 
Ti, in equation 4.30. We can 
evaluate the variation of cab noise reduction with Oi most 
easily by considering these two parameters separately. 
Considering the indirect influence of the angle of 
incidence, the dependence of -ri. on 9i. is given by equation. 
4.30. (Cos A=1 ). At small angles of incidence, Oil the 
transmission coefficient, Ti, can be said to be approximately 
independent of 01 for all except very low values of the acoustic 
impedance, Z "" Low acoustic impedance occurs at the coincidence 
frequency (See equation 4.32 and 4.33) and if the panel 
damping, 2, is very low then Qi can become significant. However, 
this region only occupies a very narrow frequency band and 
for practical considerations is unimportant. Low acoustic 
impedance also occurs at very low frequencies. Under these 
circumstances the transmission coefficient, Ti, tends towards 
a value independent of frequency given by equation 5.3. 
1 
ýý + 2C B 5.3 
The cab noise reduction consequently becomes independent of 
frequency at very low frequencies. The frequency at which this 
occurs and the constant value of noise' reduction below this 
frequency are dependent upon the magnitude of 64. For large 
angles the cab noise reduction would be constant over a large 
part of the audio spectrum, while at normal incidence, Q= 0°, 
the effect would be negligible. For the angles used in the 
evaluation of the theoretical noise reduction spectra the 
effect is only apparent, inside the audio spectrum, for the 
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very lightest panel (20 swg Aluminium). Increasing the mean 
angles determined in section 5.3.2., for example, to a value 
well outside the greatest empirical deviation from the mean, 
say 600, would be of very little consequence. We can therefore 
state that the errors apparent in the semi empirical determination 
of the mean angles of incidence, 9 i, can be neglected in so far 
as they influence the transmission coefficient, 'ti. 
The parameter, 0i, further influences equation 4.17 
directly through the Cos 0i term not included in Ti. Because 
of the algebraic summation in equation 4.17., over the i panels, 
the cab sound pressure level, Lpc, bears a complex relationship 
to Cos Qi which is difficult to evaluate generally. We can 
however attribute a quantitative estimation of the importance 
of this term by considering the conditions under which 01 has 
the greatest influence on the cab noise reduction, This occurs 
in the hypothetical case where the terms (A 'ý'e )i, are 
equal for all i panels. Under these conditions the cab sound 
pressure level, Lpc, is related to Cos Q i, by equation 5.4. 
L1 LPc ` Io Log, o 
(ZCo5 ®i ) 
5.4 
L 
ý where QLpc is the portion of the cab sound pressure level, 
in dB, resulting from the angle of incidence terms, Cos 
Pi. 
Again we can evaluate the equation 5.4. by assuming the 
magnitude of Q Lpc will be a maximum when al-1 the Gi are 
equal, and: 
_ 
P, IOLpyºp(tob m) + toLa, <<1 5.5 
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This relationship is not strictly correct but in general for 
large changes of A Lpc, . Cos Qi,, in equation 5.4, will tend 
to be dominated by the smallest incident angle and the dependence 
of tLpc on lOlog(Cos Q) will still hold. The-dependence of 
noise reduction on under these conditions is given by 
equation 5.6. 
4 NR z -(0 Lo9, o(Gos0) _ IýC. ojin(5ec ei 5.6. 
where 4 NR. is the portion of the cab noise reduction in dB 
resulting from the angle of incidence, 9. 
Therefore, as expected, when the angle of incidence, 9, 
is increased, so the noise reduction increases. 
For example: 
For 400, fl NR = 1.16 dB 
B= 520 ,D NR = 2.1 dB 
0= 600, Q NR =3 dB 
0= 84°, Q NR = 10 ' dB 
The errors associated with the semi empirical evaluation of 
the angles of incidence are therefore unlikely to influence 
the theoretical noise reduction spectra by more than ± 1dB. 
At grazing incidence the noise reduction will tend towards 
infinity. 
5.4. Reverberation Time 
5.4.1. ExperimentalEvaluation of Reverberation Time 
In order to calculate the steady state sound pressure 
level in the cab it is necessary to determine the mean, 
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reverberation time of the cab cavity, T. Reverberation time 
is defined as the time taken for the sound pressure level to 
decay by 60dB. Because the acoustic field in the cab cavity 
is not necessarily perfectly diffuse the reverberation time can 
vary slightly with position, and the mean cab reverberation time 
is further defined as the average of a number of reverberation 
times measured at different positions in the cab. Since 
reverberation time is also dependent on frequency, in order to 
complete the evaluation of equation 4.17. it was necessary 
to determine a mean reverberation spectrum for each of the cab 
conditions. Details of the measurement of these spectra and of 
the results obtained are described in this section. 
Methods of measuring reverberation time differ in that 
various sources of initial excitation are used.. There are 
two basic techniques. One uses an impulsive source of room 
excitation, for example, a pistol shot; the other is the 
interruption technique where sound is relayed through a loud- 
speaker and suddenly interrupted. The resulting rate of sound 
pressure level decay is recorded and gives rise to reverberation 
time measurements. Of these two techniques the former is less 
well suited to reverberation time spectral measurements, since 
it is difficult to find an, impulsive noise source which will 
generate satisfactory sound pressure levels over the whole of 
the audio frequency range. The interruption technique is therefore 
preferred for spectral measurements. However the measurement of 
reverberation time spectra presents other problems which are 
not overcome by the interruption technique. 
A reverberation time is a discrete quantity while a spectrum 
is by definition continuous. Therefore we must measure reverberation 
times for fixed frequency bandwidths and join these together to 
J 
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form a spectrum. Ideally we should excite the loudspeaker over 
the whole of each frequency bandwidth and measure the sound 
pressure level decay time resulting from an interruption of the 
source, although even then the observed rate of decay would 
be dominated by the component in the bandwidth with the longest 
reverberation time and spectral information would be lost. 
In practice the best source we can obtain is one or more 
discrete frequencies inside each bandwidth. The three sources 
most commonly. used are puretone sinusoidal excitation, warble 
tone excitation (here the frequency of excitation varies 
between two discrete frequencies on either side of the centre 
frequency) and random noise excitation. The latter two of 
these three sources tend to exhibit poor repeatability 
because the frequency at which interruption occurs can vary, 
whilst the former has the disadvantage that it only provides 
excitation over a single discrete frequency in the selected 
bandwidth. Owing to the lack of a more satisfactory method for 
measuring the cab reverberation time the interruption technique 
with pure tone excitation was selected for its simplicity and 
repeatability. 
Reverberation time measurements are common in architectural 
acoustics but in general the decay times involved are large 
compared with those measured in the cab. Consequently, 
because the conventional measuring equipment was being operated 
near to the limit of its response it was necessary to adopt 
several experimental precautions which would not normally be 
considered important. A block diagram of the experimental 
apparatus used is shown in Fig. 5.5. The cab cavity was excited 
by a Jordan Watts loudspeaker module, driven from a Derritron 
type 100w Power Amplifier'which was in turn excited by a 
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Bruel and Kjaer Sine Random Generator type 1024. The cab 
sound pressure level was monitored with a Bruel and Kjaer 
4134 condensor microphone and a 2619 Pre Amplifier. The signal 
from the microphone and pre amplifier was filtered, at the 
exciting frequency of the loudspeaker, with a Bruel and 
Kjaer type No. 2107 six percent bandwidth Frequency Analyser 
and recorded on a Bruel and Kjaer type No. 2305 Pen Recorder. 
A capacitive delay circuit was introduced to enable the chart 
recorder to accelerate to full speed before the signal to the 
loudspeaker was interrupted. A delay of 0.5 secs. was found 
to be more than adequate. 
To achieve maximum accuracy the complete experimental 
system was calibrated under free field conditions so that for 
each exciting frequency a system response time was recorded 
which could later be subtracted from the response time 
measured in the cab. In the absence of an anechoic chamber 
the free field conditions used were outdoors away from any 
structure which might give rise to sound from the loudspeaker 
reaching the microphone indirectly. The loudspeaker was placed 
above the ground on a four inch thick sheet of foam rubber 
facing upwards, with the microphone suspended vertically above 
it. Under these conditions the first system tried was found 
to give ri'seto a considerably greater response time than that 
obtained by considering the response of the filter and pen 
recorder alone. Since the microphone was by definition known 
to exhibit a negligible response time the discrepancy must have 
been a function of the sound generating system. This was 
shown electrically to be a function of the loud speaker. It was 
thought that the loudspeaker was unable to cope with the transient 
content, of a step function in the driving signal, which excited 
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loudspeaker resonances. Two steps were taken to overcome this 
problem. Firstly, the original loudspeaker was replaced by 
a high quality Jordan Watts metal cone loudspeaker. Secondly 
the relay used to break the circuit between the loudspeaker and 
the power amplifier (See Fig. 5.5. ) was also used to short 
the loudspeaker terminals together at the instant of interruption, 
thus providing self induced electromagnetic damping of the 
loudspeaker moving coil. The response time of the revised 
system was not measureable while the original system had an 
equivalent reverberation time of 0.25 sees. at 290 Hz . In 
addition the Jordan Watts loudspeaker Module is very small, 
measuring only 6" x 6", with a 411 diaphragm, and it was thus 
highly suited to the cab conditions where larger apparatus 
could well have influenced the acoustics of the, cab cavity. 
The measurements were made with-the cab mounted on the 
wooden frame (described in Chapter 3. ), outdoors where the 
ambient noise level was low and where reverberation between 
the cab exterior and its surroundings was unlikely to occur. 
For each cab panel material the cavity reverberation time was 
measured at the center frequencies of'one-third-octave frequency 
bands in the range 200 Hzto 20K Hz. Because of the high writing 
speed required from the pen recorder it was unstable 
at frequencies below 200 Hz. Consequently it was not possible 
to make measurements using the system already described and 
an alternative system where the pen recorder was replaced 
by a storage oscilloscope was devised for use in this region. 
Results from this second system, although less accurate, showed 
that below about 400Hz the cab reverberation times did not 
exhibit any major changes, remaining approximately constant 
doom to 50Hz. Above 200Hzand at distances greater than 
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4 inches from the cab walls the sound pressure level in the cab 
did not vary by more than ldB. Below this it tended to change 
more significantly as the frequency was reduced, rendering the 
measurements less accurate. 
In order to-obtain a mean reverberation time, measurements 
at six configurations of speaker and microphone positions were 
made at each point in the spectrum for each cab panel material. 
The maximum distribution error derived from the six reverberation 
times measured at any frequency or for any panel material was 
140/ from the mean. In general below reveYrberation times of 
0.7 seconds this figure was below ± 20%. 
A typical decay characteristics is shown in Fig. 5.6. 
It can be seen from this recording that the decay rate is not 
constant but depends to some extent on the amplitude of the 
sound pressure level at any instant. For maximum accuracy, 
therefore, the slopes of the decay curves were measured at those 
amplitudes which corresponded to the typical cab sound pressure level 
for the same frequency. 
The reverberation time versus frequency characteristics 
for the range of cab panel materials are shown 1n" Fig. 5.7. All 
the cab panel materials give rise to approximately constant 
reverberation times between 200Hz and 800Hz" As the frequency 
increases these rise to a peak about at about 1.5K Hz, and at 
frequencies above this the reverberation times decrease to a 
minimum at 20K Hz The stiffer heavier panels give rise to 
higher reverberation times than do the lighter panels. This 
is detrimental to the cab noise reduction and does to some 
extent counter the traditional benefits of higher transmission 
loss found in these panels. 
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5.4.2. Influence of Reverberation Time on Theoretical 
Noise Reduction 
It can be seen from equation 4.17. that the reverberation 
time, T, influences the calculated cab sound pressure level 
by a factor +10 log10 T, and the corresponding noise reduction 
by a factor -10 log 10 T. The measured reverberation time spectra 
for the cab are shown in fig. 5.7. and the right hand axis 
describes the influence of the reverberation times in terms 
of their corresponding cab noise reductions. To avoid 
introducing an experimental parameter which changed with frequency 
into the quantitative evaluation of equation 4.17. a single 
value of reverberation time, 0.5 seconds, was chosen as an 
approximate mean. This value was used in the generation of the 
theoretical noise reduction curves. (See Fig. 5.11). A corrected 
value of the cab noise reduction can*be determined' from Table 
5.1. This table shows-the influence of reverberation time on 
the theoretical noise reduction, and also gives a correction 
factor to the calculated noise reduction for each value of 
reverberation time. 
The maximum measured reverberation time was'1022 seconds 
for the 14 swg steel panel clad cab at-1-6K Hz. This corresponds 
ý to a deviation of approximately -4dB from the curves calculated 
using a reverberation time of 0.5 seconds. The minimum measured 
reverberation time was 0.2 seconds and this corresponds to an 
increase above the calculated noise reduction of +L4dB. 
However for all except the 14 swg steel panel clad cab it is 
reasonable to say that below lOK Hz the variation in reverberation 
time with frequency does not influence the cab noise reduction 
by more than ± 2dB. If we subtract 2dB from the calculated 
noise reduction curve for the 14 swg steel clad cab then the 
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former statement holds'true for all the cab panel configurations. 
It is significant that below about 0.4 seconds the 
reverberation time has an increasing influence on theoretical 
noise reduction. Consequently if cab absorption were increased 
by cladding we would expect the reverberation time to fall and 
the theoretical noise reduction to exhibit a much greater 
dependence on it. 
5.5. Panel Damping 
5.5.1,. Experimental Evaluation of Panel Damping 
The damping parameter, %, is more strictly termed the 
dimensionless loss factor and is a measure of energy dissipation. 
It is defined as the ratio of the energy of a vibrating system 
dissipated per radian (per cycle/27) to its maximum potential 
energy, and can be applied to any damping mechanism in that 
system. For a single degree of freedom system with viscous 
damping (e. g. mass - spring - dashpot), executing steady state 
sinusoidal oscillations, at its resonant frequency, the loss 
factor can be shown"to be that in equation 5.7. (See Reference 11). 
2ý-o ff a., d- Cc ~ fn ~ 2ýý3 fn 5.7. 
where C is the viscous damping factor in N-sec/m; Cc is 
the critical damping coefficient in N-sec/m; Qf is the 
frequency bandwidth in Hertz between the points at which a 3dB 
reduction in amplitude occurs either side of the natural frequency, 
fn; Lt is the rate of decay of free oscillations at resonance 
in dB/sec. 
In order to quantify the loss factor for systems which 
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are other than viscously damped, rl is often related to the 
viscous damping in the manner shown in equation 5.7. but in this 
case is defined as an "equivelant viscous damping coefficient". 
For pure sinusoidal excitation of the system, separate 
consideration of the damping can be eliminated by considering 
the stiffne ak, as complex, k*, and in this case the stiffness 
can be shown to be related to the dimensionless loss factor, i 
in the manner described by equation 5.8. 
5.8. 
where is the complex stiffness and iZ is the magnitude 
of the non complex stiffness. Similarly for the modulus of 
elasticity, E, we can define a complex modulus E* as in equation 
5.9. 
E''= =E (i+I. - rý) 5.9. 
'N-. 
A panels a multinodal system and in order to determine 
its loss factor spectrum it must be considered as a series of 
separate single degree of freedom systems. In practice, at 
low frequencies where the resonances are well separated this 
is possible and the loss factor can be evaluated at the 
resonances` by means of their half power bandwidths, pf. At 
higher frequencies, however, 'where the resonances cannot be 
.. 4 
readily resolved, the decay rate, tit, must be determined. 
The loss factor spectra of the various cab panels were 
measured in this manner and a block diagram of the apparatus 
used in the two experimental techniques is shown in Fig. 5.8. 
The panels were excited acoustically, via a loudspeaker, with 
pure tone sinusoidal oscillations and both decay rate and half- 
power bandwidth were detected using an accelerometer, and 
j 
v 
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displayed through a preamplifier and third octave filter on to 
a chart recorder. 
Measurements were made on both the front and lower panels, 
for each of the four materials, when fitted to the complete 
sealed cab with mastic. In addition for the 14 swg front 
panel measurements were made at three different locations, in 
the panel centre, a quarter of the width of the panel from 
one side on the horizontal centre line, and a quarter of the 
height of the, -Panel from the top on the vertical centreline. 
It was not possible to resolve-the resonances sufficiently to 
enable accurate measurements-of half power bandwidth above 
300 Hz. Therefore, between 400 Hz and 20K Hz ( at third octave 
intervals) the decay time technique was used. 
The measured loss factor spectra are plotted in Fig. 5.9., 
and the spectral variation with measuring point for the 14s. w. g. 
steel panel in Fig. 5.10. 
The decay time technique was. found to produce more 
repeatable results than the half power bandwidth method, probably 
because at the higher frequencies more than one resonance was 
excited, producing an averaging effect. 
5.5.2. The Dependence of Noise Reduction on Panel 
Damping 
The measurement of panel damping is described in the 
previous section and experimental damping versus frequency 
characteristics for the four panel materials are presented in 
Fig. 5.9. As with the reverberation time parameter, T, to 
avoid introducing a further frequency dependent parameter into 
the quantitative evaluation of equation 4.17. a single value 
of the damping parameter, rLi, (0.03) was chosen as being represent- 
ative bf-all four panel materiale, independent of frequency. 
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Thy panel damping term, fli, influences equation 4.17 and 
hence the cab noise reduction through the acoustic impedance 
parameter, Z. in equation 4.33. In equation 4.33 the panel 
damping term, ni, is negligible except when the sum of the 
imaginary terms tends to zero, near the coincidence frequency. 
Here the acoustic impedance, Z, is given by equation 5. iO. 
Z_ n1 
ß 
43 
C c4 
5.10 
Therefore the panel damping term, usually determines 
the minimum noise reduction at the coincidence frequency. This 
is of minor importance in practice since the coincidence 'dip' 
is of very narrow bandwidth and is normally poorly resolved. 
This is particularly so when noise reduction is evaluated at 
one-third-octave frequency intervals as is the case here. 
Since the acoustic impedance, Z, ' is complex and is the 
only complex parameter in equation 4.17, before we can substi- 
tute it numerically-in the latter'we must resolve the real and 
imaginary parts to find the modulus, {Z I. 
Above the coincidence frequency as the frequency tends 
towards infinity so the modulus of the acoustic impedance, 1ZI, 
tends towards that given in equation 5.11, and for rj . 
0"i 
tJ-. eo C 
the influence of rý becomes very small and the acoustic 
impedance can be said to be independent of damping. 
Further consideration of the modulus of the acoustic 
impedance, IZI, 'however, gives rise to a less obvious depend- 
ence of theoretical noise reduction on the damping parameter. We 
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know that the coincidence effect occurs when IZlis a minimum'. 
Differentiating IZI with respect to the angular frequency, W, 
and equating to zero we obtain an equation for minimum IZI in 
terms of the flexural stiffness B, velocity of sound in air, c 
the damping parameter 'Li, and the frequency at which it occurs 
W min. There are a number of unreal or imaginary solutions, 
an obvious minimum at W =0, and a maximum and minimum given 
by equations 5.12 and 5.13 respectively. The solutions are 
Wmax, ^m c4 
ß 3({+rý, ' 
w4 
thin, " ý- 
5.12 
5.13 
imaginary for rj; I/(3^ . However, below this the coincidence 
frequency occurring at the angular frequency W min is clearly 
dependent on i. For example: 
/ 
I 
For rLi 0 then Ca min. _C c, the classical 
1 
ýi ; T-Y 
3 
3t1ý ý: ) 
coinciaence 
Wmin. _ ýº . 
Yýi = 0.1 LOmin. = 0.86"Wc 
Yýi = 0.01 Wmin. = 0"99. Wc 
For the cab the theoretical noise reduction versus frequency 
-r 
characteristics were all calculated using a damping factor of 
0.03, and the maximum empirical damping factor (0.04 for 20 s. w. g. 
Aluminium) would not give rise to a change in frequency which 
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would be resolved in a one-third-octave analysis. 
5.6. Description of The Theoretical Noise Reduction 
Characteristics 
Theoretical cab noise reduction versus frequency character- 
istics computed from equation 4.17,4.31 and 4.33 for the four 
panel materials 20 s. w. g. aluminium, 20 s. w. g. steel, 14 s. w. g. 
aluminium and 14 s. w. g. steel are presented in Fig. 5.11. The 
numerical values of the parameters used in the production of 
these curves are presented in Table 5.2. The characteristics 
were derived from discrete calculations at one-ninth-octave 
frequency intervals between 20 Hz and 25K Hz. 
As expected the theoretical curves shown in Fig. 5.11 are 
almost identical in spectral shape to those of classical 
transmission loss curves. The only exception occurs at very 
low frequencies where the angles of the incident excitation 
give rise to a levelling off of the fall in noise reduction 
with frequency. This is particularly noticeable in the curve 
for the 20 s. w. g. aluminium clad cab. 
The separation of the curves is consistent-with the 
differences in panel masses. Below the coincidence frequency 
and above the low frequency at which levelling off begins to 
occur the difference in noise reduction, A NR, between two cabs 
clad with panels of masses m, and ml is given by equation 
5.14. 
A NR = 20Lo9, o(ml) 5"14 m2 
where inland m2 are surface masses in Kg m-2. 
Some of the curves shown in Fig. 5.11 exhibit minor 
discontinuities at the coincidence frequency due to the fact 
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that the curves are based on calculations at discrete frequencies 
(one-ninth-octave steps) and these points may not coincide 
with the exact coincidence frequency. Consequently the minimum 
noise reductions shown at the coincidence frequencies may not be 
exact. 
At low frequencies the curves exhibit negative noise reductions 
and show that isolated tractor cabs can give rise to an increase 
in noise level above that of the equivalent non-cab-equipped 
vehicle, and that this increase need not, as is generally thought, 
result from mechanical excitation of the cab through its anchorage 
points. 
I 
t. 4 
5.7ý. TABLE 
IIt'ü I. UENC, E OF RrUsRt3ERATIOPr TIME ON NOISE REDUCTION 
Reverberation Time Influence of T on Correction factor 
T, in seconds. Noise Reduction to Theoretical 
10 log, Tin dB. Noise Reduction 
in dB. 
0.1 -10 -7 
0"2 -'j"0 -4 
0.3 -5"2 -2"2 
001f -4110 -1.0 
a"5 -3"0 0"0 
0.6 -2"2 +0.8 
0"7 -1.5 +1'5 
0"$ -1"0 +2.0 
0"9 
TAßT_, i; ,. ý. 
14 s va 
.. _. _. _ . _.. __ _... _.. _.... _... 
20 
,ý 
20 . g. . 
Steel Steel Aluminium Aluminium 
Panel.. Thickness; 2"03 0"91 2"03 0.91 ý mm. 
. 
Density 7700 7700 
---- 
2700 
"---ý 
2700 
hg7m3 
-- 
Modulus 
----j - ----y 
of Elasticity 19.5 19.5 7'l 7.1 
x 1010 N/m2 
. 
Poissons 0.28 0"28 0.33 0'33 Ratio 
Reverberation 0.5 0"5 0.5 0'5 time. T. secs. 
Damping 0"03 0'03 0"03 0.03 
ý ý . . 
Panel Constants used in Yvaluat. ion of 
Theoretical noise Reduction Curves. 
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CHAPTER 6 
Experimental Verification 
of 
Noise. Reduction Theory 
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6. Experimental Verification of Noise Reduction Theor 
Before proceeding to evaluate the theory described in 
4.3. for the specific case of the experimental tractor cab; 
two minor, mainly empirical, diversions were made into the 
less established areas of the theory. Those are the subject 
of this chapter. The first is an evaluation of the problems 
associated with empirical derivation of the spectra of 
acoustic impedances of the cab panels, and it includes an 
account of the measurement of point mechanical impedance 
spectra. The second is an attempt to show empirically 
that the coincidence frequency is independent of the angle 
of the incident excitation, In fact simple demonstation 
of the latter is impossible, but evidence is described 
which shows that a coincidence effect can occur in the 
absence of incident excitation, and it is concluded, as 
it was theoretically in 4.4.3., that this is a function of the sound 
leaving the pänel and not of that incident on it. 
6.1. Experimental_Eyaluotion of Acoustic Tmpedance 
Acoustic impedance, Z, was introduced into the 
noise reduction theory in Chapter 4 (Appendix I) and a 
simple theoretical derivation from first principles is 
presented in Appendix III. In this derivation the bending 
of a simple beam is considered tb be representative of a 
panel, with a forcing function whose distribution is 
described in terms of the pressure exerted by a plane 
wavefront. This theory represents a simple approximation 
and has no direct experimental confirmation. However, wo 
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cannot neglect the correlation between classical sound 
transmission loss theory, which is based on this simple 
derivation of acoustic impedance, and reverberant room 
transmission loss measurements. Consider the simple normal 
incidence transmission loss equation: 
R- 10 1oýin f -fr 2i 1`)2 
2ýoG 1 
For large 1Z1 , io3MZl) is approximately proportional to 
transmission loss, R (ie. for IZ{ ii z.. oc) and a plot 
of log (ill) versus frequency should exhibit the same 
spectral characteristics as airborne sound transmission 
loss curves. Clearly the acoustic impedance of panels 
forms a most important part of the theoretical evaluation 
of both classical sound transmission loss and the cab noise 
reduction, and for this reason experimental confirmation of 
the theoretical evaluation was sought. The following section 
is concerned with direct measurement of the acoustic 
impedance of the cab panels. 
Specific acoustic impedance can be defined as the 
magnitude of the the dynamicpressure applied to a system 
divided by the magnitude of the velocity of the resulting 
vibration. It is closely related to the more commonly used 
mechanical impedance which can be defined similarly as 
force divided by velocity.. 'Mobility is the inverse of 
mechanical impedance and acoustic mobility the inverse 
of acoustic impedance. Both mechanical impedance and 
acoustic impedance are frequency dependent and relate the 
velocity of a vibrating system to the force and pressure 
respectively acting in the same direction. For the purpose 
of the theory presented in Appendices I and II the acoustic impedance 
is specifically normal to the surface under consideration. 
In practice, mechanical impedance techniques are only 
applied in situations where the system being studied presents 
a localised rigid area. For example, consider the mechanical 
impedance of an 'antivibration' mounting consisting of a 
simple rubber block between two plates, one of which is 
rigidly mounted to a base. We are concerned only with the 
mechanical impedance presented to the body the mounting is 
designed to support and strictly it should be termed the 
mechanical impedance of that end relative to its fixed end. 
We are not concerned with the distribution of mechanical 
impedance throughout the device. The physical presence of 
the plates at the ends of the mounting is not essential, but 
for the mechanical impedance to be meaningful the effective 
end of the rubber must be considered as rigid. 
For systems which present a rigid surface, acoustic 
impedance can be considered as the mechanical impedance 
divided by the area over which the exciting force is distributed. 
The acoustic impedance of a panel cannot be treated in this 
manner and requires a more detailed evaluation. Consider the 
derivation of the transmission cQefficient in Appendix I, where 
the acoustic impedance is first introduced into the noise 
reduction theory; it is based on a small but finite point on an 
infinite panel and the acoustic impedance is assumed to be independen 
of position on the panel. Theoretically this is satisfactory 
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but in practice we cannot generate a localised pressure, and 
a force applied at one point would give rise to a distribution 
of velocities over the panel from which we could not evaluate 
the acoustic impedance because there is no means of determining 
the effective Area over which the force would be distributed. 
This does not affect single point mechanical 
impedance measurements where at all other points 
on the panel the input force would be zero. Such 
measurements are the closest we can achieve to 
acoustic impedance measurements. For the small area over 
which these measurements are made they are unrealistic only 
in that they do not incorporate velocities generated by forces 
which would normally exist elsewhere on the panel. (In fact the 
simple theoretical approach, in Appendix III, can be said to 
suffer from a similar failing. By considering an infinite 
panel, travelling wave reflections from the cab panel 
boundaries are not taken into account. These obviously 
exist and could be considered as panel velocities generated 
by an applied force outside the panel). 
The measurement of point mechanical impedance of a 
panel was considered to be a worthwhile step in furthering 
understanding of acoustic impedance and hence the theoretical 
approach-to airborne sound transbii'ssion loss, especially 
since details of such measurements have not appeared elsewhere 
in the relevant literature on this subject. 
An experimental system was developed to enable point 
mechanical impedance spectra of the cab panels to be measured. 
A block diagram of the apparatus is shown in Fig. 6.1. The 
principle of the system was to use a closed loop control 
system to produce a sinusoidal constant force-output from 
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an elecromagnetic vibrator, with which to excite the panel. 
The signal from an accelerometer, placed adjacent to the 
force input to the panel, was integrated to give a velocity 
measurement which in conjunction with the constant force 
was directly proportional to point mobility, at any fixed 
frequency. The oscillator used to generate the driving 
force frequency (pure tone sinusoidal) was continuously 
variable and was swept in synchronism with a calibrated 
chart on which the velocity signal was recorded, and in this 
way automatic mobility spectra were produced. The system 
was originally developed to produce mechanical impedance 
spectra but because of limitations in the dynamic ranges 
of some of the equipment involved it was found to be better 
suited to the production of mobility spectra. 
To ekamine the performance of the measuring system a 
one kilogramme weight was suspended vertically on a long 
string, to give it a very low pendulum resonant frequency 
and angular displacement; ' this was substituted for the 
panel so that it was driven horizontally by the vibrator, 
thus enabling an accurate dynamic calibration of the force 
transducer together with a general evaluation of the whole 
system. The mechanical impedance versus frequency 
characteristic resulting from this test was linear with a 
gradient equivalent to one kilogramme in the frequency 
range 20 Hz to 8K Hz. Above this, rosonanceo due to 
mechanical coupling and non axial movement of the weight 
relative to the vibrator became evident. This result is 
exactly as predicted by simple theory and showed that in the 
absence of specimen stiffness, and when damping was very 
low, the system behaved satisfactorily. Unfortunately, 
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to consider either pure stiffness or pure damping in 
such an experiment is less practical and the effect of 
these and the influence of the vibrator when applied to 
a panel were left unresolved. 
The sinusoidal oscillation generated at the end of 
the force link was transmitted to the panels by two 
separate techniques, designed to give coupling and minimal 
interference with the panel. In the case of the steel 
panels a short magnetised 6m. m. steel stud with one end 
screwed into the force transducer and the other butting 
up against the panel was found to give adequate coupling, 
while in the event of mechanical overload the force link 
could not be damaged. For the alumimium panels a similar 
mechanical arrangement was used but here the stud was 
attached to the panel with epoxy resin. This was less 
satisfactory in that it required more preparation and was 
less versatile when moving the point of application about 
the panels. Both techniques enabled the vibration generator 
to be coupled to the panels with minimum static preload. 
The mobilities at various points on a selection of 
panels were measured in the frequency range 10 Hz to 10K Hz. 
Measurements were made on the cab in the fully assembled, 
fully sealed condition and on single panels fitted to the 
frame individually. In addition some measurements were made 
on panels without the visco-elastic sealing layer between the 
panel and frame. 
A typical point mobility curve is shown in Fig. 6.2. 
In general the results from the range of measurements all 
followed a similar pattern, which is best described in terms 
of mechanical impedance. (log Z is approximately proportional 
to the transmission loss, R). This started at a high level at 
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low frequency and, as the frequency increased, rapidly 
decreased towards the first panel resonance. After the 
first (fundamental) resonance as the frequency increased 
the mechanical impedance exhibited rapid, large amplitude, 
resonant swings'about the same mean level, for several 
hundred cycles. Above this the mechanical impedance began 
to rise at near 6 dB per octave increase in frequency, 
exhibiting a dip, similar in spectral character to a 
coincidence dip, at about 2.5K Hz and at higher frequencies 
returning to the 6 dB per octave. 
Altering the measuring point on a panel changed the 
frequency and amplitude of the low frequency resonances 
but did not give rise to changes in the mean shape of the 
curves. 
Differences between panels fitted to an incomplete cab 
and to a complete sealed cab were only apparent at very low 
frequencies (below 70 Hz) when the panels fitted to the 
sealed cab exhibited more highly damped resönances. These 
took the form of slightly lower amplitude swings. The 
changes in the dynamic characteristics of the whole cab 
caused by having a larger number of panels attached might have 
caused this low frequency effect, but in fact it was shown 
to be greatly influenced by the decree of sealing at the 
rear door, and the characteristic was therefore attributed 
to the properties of the sealed cavity behind the panels. 
Removal of the viscoolastic sealing compound from the 
panel to cab joints did not influence the measured point 
mechanical impedance characteristics. The pure mass which 
would give rise to the measured 6 dB per octave slope in 
Fig. 5.2.,. calculated using the simple equation Z= ;jw. m", 
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corresponds to a panel area of the order of 
5x lU-3 m2. 
This is very small compared with the distances of the 
measuring points from the panel boundaries. 
Results other than those described above proved 
particularly difficult to interpret. This was because the 
coincidence type dip was found to change in frequency for 
repeated measurements. The non-repeatability was particularly 
apparent when an epoxy resin coupling was broken and then 
re-formed in the same position; indicating that the 
procedure for coupling the'vibrator to the panel was 
influencing the source of the dip. The effect was attributed 
to the lack of positive location of both the electrodynamic 
vibrator and the cab, giving rise to changes in the static 
force between the two. Initially measurements were made with 
the cab mounted on its wooden frame and vibrator rigidly 
suspended in a specially constructed mounting. Later the 
cab was suspended by a crane from the laboratory roof, and 
finally mounted rigidly to the laboratory floor. Both these 
later measures improved the repeatability of the pseudo 
coincidence dip frequency, but not sufficiently to enable 
conclusions regarding its dependence on panel material to be 
formed. 
So far, the mid frequency dip. in the mechanical impedance 
spectra has been termed a coincidence type dip solely on the 
grounds that it resembles the airborne sound transmission 
loss coincidence effect in spectral appearance. The frequencies 
at which the minimum mechanical impedance of the dips occurred 
do not coincide with the theoretical true coincidence frequencies; 
typically they are a factor of three to five lower, If the dip 
phenomenon, has similar origins to the true coincidence effect 
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then they must be related to the characteristics of the 
forcing system, and since there was no incident sound field 
the phenomenon will be the transmitted wave coincidence 
described in section 4.4.3., and not the classical incident 
wave coincidence. The coincidence effect cannot normally 
occur at frequencies below that at which the velocity of 
sound in air falls below that of flexural waves in the panel. 
However, the bending wave velocity of the panel is proportional 
to the fourth root of flexural stiffness. Thus if the 
effective flexural stiffness of the panel was to be increased 
the coincidence frequency would fall. Since the vibrator 
stiffness was not small compared with that of the panels, it 
could have introduced a stiffness which would have increased 
the effective local flexural stiffness of the panel, and so 
reduced the coincidence frequency. Any tensioning of the 
panel due to static loading by the forcing system would also 
cause an increase in the local panel stiffness and this 
would account for the variation of the dip frequency observed 
experimentally. Deliberately increasing the vibrator to 
panel static force did reduce the frequency at which the 
effect occurred and a mobility spectrum measured under these 
conditions is shown in Fig. 6.3. 
ý 
To summarise, the acoustic impedance of a panel has been 
shown to be a difficult parameter to evaluate experimentally, 
because of the impracticability of applying a localised known 
pressure to a part of the panel; while 6 known force can be 
applied to the panel, the area over which it acts cannot be 
determined with any accuracy. However, by applying a 
dynamic force perpendicular to a panel through a fixed point 
of finite area it was possible to evaluate the mechanical 
impedance, which is very similar to the acoustic impedance 
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over this area. Although the area was not measurable the 
only assumption necessary to render a direct comparison of 
the spectral content of mechanical and acoustic impedances 
was that the effective area did not change with frequency. 
The results of point mechanical impedance measurements 
exhibit several important characteristics. Most significant 
of these is the existence of a constant gradient of 6 dB 
per octave over a large part of the spectrum. This is consistent 
in frequency and magnitude with typical sound transmissionloss 
measurement's, over the 'mass law' region. (The decibel ratio 
used here is a power ratio, ie. 20 1oS10 (IZI). Strictly it 
is meaningless but it is necessary in order to validate direct 
comparison with acoustic decibel ratios such as transmission 
loss). Secondly, below about 200 Hz individual panel resonances 
dominate the characteristic and lie about a mean level which 
is independent of frequency. Thirdly, a pseudo coincidence 
effect has been observed, and if the explanation presented 
is accurate then it can be considered as empirical evidence 
of the lack of dependence of the coincidence frequency on an 
incident sound field. 
A useful extension of the experimentation=described here 
would involve a further investigation of the pseudo 
coincidence effect using for example, vibrators of varying 
stiffness to evaluate the suggested explanation. 
6.2. Experimental Verification of Transmitted 'ave 
Coincidence 
In Chapter 4 the classical wave coincidence theory 
was shown to have a false dependence do the 
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angle of incidence of the exciting airborne sound waves, and 
the coincidence effect actually arises as a result of the 
angular distribution of the transmitted waves. The present 
section describes how the experimental tractor cab was used 
to derive empirical confirmation of this deduction, and how, 
in the absence of airborne excitation, a significant effect 
at the coincidence frequency was shown to exist. 
Consider the cab panels to be excited by a sinusoidal 
forcing function whose amplitude is independent of its 
frequency. "At the coincidence frequency an increase in the 
sound pressure level in the cab should occur. This increase 
can be used to measure the coincidence frequency, and by 
selection of a suitable source of excitation its origin can 
be isolated. 
By using random airborne excitation of the cab it is 
possible to measure the coincidence frequency but netto 
determine its theoretical origin.., According to classical 
theory, however, coincidence occurs when the projection of 
the incident wavelength onto the panel equals the wavelength 
of flexural waves in the panel, and therefore at normal incidence 
coincidence cannot occur. Thus by exciting th3cab panels 
with normally incident soundwaves it should be possible to 
resolve the problem (transmitted wave coincidence will occur 
even at normal incidence). In practice plane parallel waves 
are required and these are not easily generated with the 
required amplitude; the atmosphere gives rise to rapid 
dispersion and attenuation of such waves. It was therefore, 
necessary to consider non-airborne methods of exciting 
the cab. 
. 
The mechanical impedance experiments described in 6.1. 
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indicated that direct excitation of a panel using, nn electro- 
magnetic vibrator probably results in modification of the 
panel characteristics particularly at the coincidence 
frequency. An investigation into the possibility of using 
direct electro-magnetically induced excitation of the ferrous 
panels was started but discontinued because of the complexity 
of producing a constant field, of the required intensity and 
frequency range, without generating airborne radiation. The 
problem of finding a suitable source of panel excitation was 
eventually overcome by using an electro-magnetic vibrator to 
excite the cab frame, in this way a constantforcing level 
independent of frequency was applied to the cab without 
modifying the panel properties. 
For the measurements, using cab frame excitation, to be 
meaningful it was necessary that the force input to each 
panel should be simply related to frequency: Since only 
a single characteristic of the panel acoustic radiation 
was sought and quantitative evaluations other than that of 
the frequency at which it occurred were unimportant, this 
simple relationship was assumed to exist. 
A block diagram of the apparatus used is shown in 
Fig. 6. k. 
_The vibrator moving table was rigidly bolted to 
the cab frame through a force transducer. The whole cab was 
excited with a pure tone sinusoidal oscillation at constant 
r. m. s. force in the frequency range 100 Hz to 10K. Hz. The 
resulting sound pressure lovel, measured at the centre of the 
cab, was filtered with a 10 Hz band width filter at the 
forcing frequency and recorded on'. frequency calibrated paper. 
A typical recording of sound pressure level versus frequency 
is shown in Fig. 6.5. This curve is relatively smooth, 
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but, in fact, a large number of very close sherp 
resonances existed and these tended to mask the mean 
level of the curve. Fig. 6.5. was produced by sweeping 
the frequency slowly, to produce a good averaging effect, 
and using a long time constant on the chart recorder writing 
speed. 
The upper frequency limit of the measuring range, 
determined by limitations in the range of the 10 Hz filter, 
was 10K Hz. This prevented evaluation of the significant 
part of the spectra from the cab when fitted with the 
20 s. w. g. panels, whoseminimum coincidence frequencies were 
above 10K Hz. Recordings from the cab when fitted with 
these panels showed a steadily increasing sound pressure 
level up to 10K Hz. 
The'recordings associated with the steel and aluminium 
14 s. w. g. panels shop' a peak in sound pressure level occurring 
at their respective theoretical minimum coincidence frequencies. 
According to the theory presented in Chapter q., this arises 
because the resistance to flexural wave motion due to the air 
behind the panel falls to a minimum at the coincidence frequency 
and radiation increases to a maximum: In the classical theory 
coincidence occurs solely as a result of the incident sound 
waves. 
A significant effect has been shown to exist at the 
coincidence frequency, which is independent of incident sound 
waves. The experimental evidence is not ideal and the spectral 
content of the recording shown in Fig. 6.5. results from a 
large number of interactions only one of which is radiation 
from the panel. Despite this, however, the experimental spectra 
are very simple in character and the peaks at their coincidence 
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frequencies are dominant features. To conclude, the 
coincidence frequency has been demonstrated to have a more 
far reaching origin than that described by the classical 
transmission loss theory, although the classical theory has 
not been directly disproved. 
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CHAPTER 7 
Experimental'. Noise Reduction 
of The Cab 
94 
7. Experimental Noise Reduction of The Cab 
This chapter is concerned with the experimental evaluation 
of the airborne noise reduction spectra of the experimental 
tractor cab, the experimental noise reduction being defined as 
the difference between the sound pressure level spectrum 
measured in the cab, and that at the same point in space 
in the absence of the cab. The first part of the chapter 
(7.1. ) is a description of the practical details of the 
measurement, and the second, (7.2. ) is a description of the 
results obtained. 
7.1. The Measurement of Cab Noise Reduction 
The experimental evaluation of cab airborne noise reduction 
was conducted in conditions deliberately similar to those 
found in normal tractor usage. The tractor engine was used 
as the source of airborne excitation and this was set at 
1800 rev/min with no load, providing the same conditions 
as those from' which the characteristics of the incident 
field used in the theoretical evaluation were derived (Chapter 
5. ) Sound pressure level spectra at the tractor operators 
station (reference point) were measur©d for a range of cab 
and cablesa conditions. During these tests. the tractor, 
situated in a large flat grass field to'achieve approximately 
anechoic conditions, was structurally isolated from the cab, 
by mounting the latter on a wooden frame resting on the 
ground. See Fig. 3-3- 
A block diagram of the sound pressure level measuring 
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and recording system is shown in Fig. 7.1. The Measuring 
Amplifier, powered from the tractor battery, was used to 
convert the microphone output to a low impedance voltage 
which passed along 75 meters of screened cable to the 
analyser and recorder. These two instruments were 
situated in a mobile laboratory end powered from a small 
petrol engine driven generator. 75 metres was sufficient 
to obtain a reduction in the sound pressure level from the 
generator, measured at the operators station, to at least 
35 dB below the sound pressure levels being investigated. 
The microphone had a good random incidence response up to 
17K Hz, and was directed towards the front of the tractor. 
For the cabless condition it was suspended on a microphone 
boom from behind the tractor. For the measurements inside 
the cab the microphone was suspended on elastic supports 
to reduce possible excitation from vibrating cab parts. The 
position of the microphone (reference point) w¬s chosen as 
being representative of the position of a typical tractor 
operator's head . Engine speed was monitored, as in Chapter 
3, by an inductive proximity transducer and a toothed wheel 
attached to the crankshaft. This was adjusted to exactly 
1800-rev/min, which after an initial warm up period, remained 
stable. One-third-octave sound jirbscure level recordings 
were made, without the cab, and with the sealed cab when 
fitted separately with four different panel materials, 
20 s. w. g. aluminium, 201s. w. g. steel, 14 s. w. g. aluminium 
and 14 s. w. g. steel. 
Equal sound pressure level contours were measured at 
several frequencies in the cabs, rnd the measurement of 
cabless contours was described in Chapter 2. These measurements 
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showed that the sound pressure level within a six inch 
radius of the microphone did not vary by more than 
* 3- dB. 
Sound pressure level spectra from the cabless tractor 
and the four cab configurations are shown in Figs. 7.2 to 
7.6. The cab noise reduction spectra derived from these are 
presented in Fig. 7.7. 
Whilst all precautions were taken to ensure that the 
experimental noise reduction characteristics were not subject 
to any extraneous influence which might have introduced 
misleading. inaccuracies, the absolute success of the 
experiment is on its own impossible to evaluate. A degree 
of confidence however, can be gained from a comparison of the 
results with those of Eichler (5) who measured the noise 
reduction of a sealed enclosure placed in a diffuse sound 
field. Eichler's results for an enclosure with dimensions 
approximately one third those of the experimental cab are 
presented in Fig. 4.1., and these exhibit a high degree of 
correlation both in magnitude and spectral content with 
those presented here. 
7.2. Description of the Experimental Noise Reduction 
Characteristics 
The experimental noise reduction curves are shown in 
Fig. 7.7. A description of their characteristics is best 
arrived at by considering firstly the properties common to 
all the curves and secondly the properties of the 20 s. w. g. 
alumimiurn clad cab noise reduction curve on its own. 
All the curves exhibit certain common chaarecteristics, 
the most outstanding of which occurs between the 63 Hz and 
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80 Hz, where they show a 10 to 15 dB rise in noise 
reduction with increasing frequency. Below 63 Pz the 
curves exhibit a slight upward trend with decreasing; frequency. 
Above 80 Hz all the curves follow an irregular plateau, 
gradually increasing above 3K Hz at a rate of 2 to 3 dB 
per octave. The curves do not exhibit the large separations 
which one would normally expect from the application of 
such a large spread of panel masses, 2.5 to 15.6 Is. m-2. 
In fact in general-the separation of the curves is barely 
identifiable, although, below about 1KK Hz the difference 
between the irregularities in the curves is far More marked. 
The curves all exhibit a degree of decreased noise reduction 
at their theoretical minimum coincidence frequencies. 
If we now consider the most rational of the noise 
reduction curves, that for the 20 s. w. g. aluminium clad cab, 
the characteristics are more clearly defined. Above 800 Hz 
the curve takes the same shape as typical reverberant room . 
transmission loss characteristics (see Fig.. 4.2. ), exhibiting 
both mass law dependence and coincidence. Below 800 Hz. the 
noise reduction remains approximately constant ( 2.5 dB), 
until 80 Hz. Between 80 Hz and 63 Hz the noise reduction 
falls by 13 dB. Below 63 Hz it increases with decreasing 
frequency by about 2 dB per octaye.. It is interesting to 
note that at 63 Hz the noise reduction is negative, indicating 
a reverberant increase in the cab noise level. 
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CHAPTER 8 
Comparison of Experimental andTheoretical 
Cab Noise Reduction 
. 99 
8. Comparison of Experimental and Theoretical Cab Noise 
Reduction 
The theoretical airborne noise reduction characteristics 
of the experimental tractor cab are described in Chapter 
and the equivalent experimental characteristics in Chapter %. 
Both characteristics relate to a particular, identical, 
tractor and cab configuration chosen as far as possible to be 
representative of an operational cab-equipped vehicle. In 
particular both were derived using the same source of initial 
excitation. (Although, of course, they should be independent 
of the spectral content of that excitation). They are, 
therefore, directly comparable. 
In the present chapter the theoretical and empirical 
characteristics are compared for the four main frequency 
regions of the audio spectrum; theeeare the low frequency, 
mass law, coincidence and above-coincidence regions. The 
relationship between empirical noise reduction and measured 
reverberation times is also discussed. 
The theoretical noise reduction characteristics are 
semi-experimental in that the data used in their evaluation 
was obtained experimentally. The comparison thus involves 
three fundamental interactions; the theory of noise reduction, 
the validity of the experimental data used in its evaluation, 
and the accuracy of the noise reduction derived empirically. 
The spectral differences derived from the comparison of 
the theoretical and experimental characteristics result from 
one or more of these three origins. 
The plateau phenomenon observed in the experimental 
characteristics is discussed separately in Chapter 9. 
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8.1. The Mass Law 
The experimental noise reduction curves presented in 
Chapter 7 do not exhibit separations which are consistent 
with the theoretical predictions of Chapter 4. Below the 
coincidence region and above the portion of the curves et 
low frequency where levelling off occurs owing to the 
influence of the angle of incident excitation, equations 
4.17,4.30 and 4.33 predict that the difference in noise 
reduction resulting from two panel materials of surface masses 
m, and mz will be that of the classical macs law described 
by equation 8.1. 
Ls N. R. - 20 log10 
(-Z-) 8.1. 
The noise reduction curves for the 20 s. w. 
d. steel, 14 s. w. g. 
steel, and 14 s. w. g. aluminium clad cabs do not exhibit any 
consistent separations in this region. They lie about the 
same mean level being for most of the region independent of 
frequency. 
The' experimental curve for'the 20 s. w. g. aluminium 
clad cab is separable from the remainder in that it exhibits 
less noise reduction and partly follows a 'mass law' increase 
with frequency typical of experimental sound transmission 
loss characteristics; in these respects it is consistent 
with theory. The theoretical and experimental noise reduction 
characteristics for the 20 s. w. g. aluminium clad cab &re 
compared graphically in Fig. 8.1. Below 800, Hz, down to 
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80 Hz, the empirical curve follows a random plateau similar 
to that exhibited by the curves for the other panel materials. 
Between 800 Hz, and the coincidence region, however, it 
follows a smooth curve with a slope of 4 dB 
per octave. The equivalent slope of the 'mass law' 
portion of the theoretical curve is 6 dB per octave. The 
2 dB difference is explained more fully in Chapter 4, but 
arises because the transmitted angle used in the theoretical 
evaluation was chosen as 900, whereas in practice it can take 
on a large number of values, particularly at frequencies 
near coincidence. 
Apparently above a limiting panel mass, slightly greater 
" than- that of 20 s. w. g. aluminium (2.5 Kg/m2), the effective cab noise 
reduction does not depend on mass, in this region. 
This conclusion, although based on a small amount of experimental 
data (4 - spectra), is in direct agreement with the work of 
J. Van Den Eijk (17) who has shown that for panel masses 
between 5 Kg/m2 and 30 Kg/m2 the mean sound insulation of 
panels (averaged over the frequency range) is independent of 
panel mass. 
For a large part of the 'mass law' region of the experimental 
curvet the noise reductions are greater than those predicted 
theoretically (using normal transmission angle). This 
precludes the possibility that the sound pressure level 
measured in the cab is dominated by some source other than 
that which has been considered as passing through the front 
and bottom panels; for example, leaking window seals or 
transmission through the glass. 
8.2. The Coincidence Region 
In all the experimental curves a fall in noise reduction 
102 
is evident at the theoretically predicted minimum coincidence 
frequencies. This is further experimental evidence of the 
fact that the coincidence effect occurs at a frequency 
which is independent of the angle of incident excitation 
on the panel and is direct confirmation of both the theory 
deduced in Chapter y., and that of Bhattaeharya and Crocker 
in References 9 and 10. 
The magnitudes of the minimum experimental noise reductions 
at coincidence bear a useful correlation with those derived 
theoretically; their differences vary between 0 dB for 
20 s. w. g. steel to 8 dB for the 11t s. w. g. steel. Where 
these differences are large they can be attributed to lack 
of resolution of the theoretical curves. The latter were calculated 
at discrete ore-ninth-octave frequencies which were too large 
to resolve the very narrow bandwidths which occur at 
coincidence. There is also a small difference resulting 
from the approximation of the experimental damping data 
to a single value. 
It is interesting to note that the magnitudes of the 
experimental nd. 'se reductions at coincidence are similar to the 
respective mean plateau levels occurring between 80 Hz and 
1K Hz. 
8.3. Above Coincidence 
Above the coincidence frequencies the experimental noise 
reductions do not rise with frequency as rapidly as is predicted 
theoretically. This is because the theoretical evaluation 
considers only the resistance to flexural wave motion in the 
panel, due to air resistance in the direction of the wave motion. 
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There will in fact be a radiation resistance at a particular 
transmitted angle associated with each frequency above the 
minimum coincidence-frequency, as there is for each incident 
angle in the classical theory. This will tend to reduce the 
theoretical noise reduction in this region, bringing it 
closer to that determined experimentally. However, since the 
angular nature of the radiated sound has not been evaluated, 
quantitative interpretation of the theoretical curves above 
coincidence is not possible. 
$. 4. The Low Frequency Region 
Below the plateau region of the experimental curves, that 
is below 63 Hz, the noise reductions for the various panel 
materials do not follow a consistent' pattern and consequently 
it is impossible to draw generalised conclusions regarding 
their behaviour. 
In this. region there are no cavity resonances and the 
cavity acts as a simple stiffness. Since the experimental 
curve for each panel material was repeatable some property 
of the panels was influencing the noise reduction. The 
most likely source of this influence was that of standing 
wave resonances in the panels. At low frequencies these 
were likely to be sufficiently well separated for each to 
have an individual effect on the noise reduction. 
A simple experiment was conducted to measure the panel 
resonances occurring below 63 Hz. The cab panels were excited 
with an electromagnetic vibrator attached to the cab frame, 
and driven by a pure tone oscillator. Panel resonant 
frequencies and modal shapes were detected using a hand 
l0! } 
held accelerometer. The low frequency panel resonances for 
the 14 S. W. S. floor panel when attached to the sealed cab 
are shown in Fig. 8.2. These results show that although 
the panel resonances are sufficiently well separated for their 
influence on cab noise reduction to be resolved in a one- 
third-octave analysis, no correlation with the corresponding 
experimental noLse reduction spectrum is apparent. 
For the purposes of tractor cab design there is little 
purpose in a more detailed analysis of this part of the 
comparison between theory and experiment, because in 
practice we are more concerned with 'At weighted sound 
pressure levels. At low frequencies these are heavily 
attenuated and are usually dominated by higher frequencies 
near 1000 biz. 
8.5. Experimental Noise Reduction and Reverberation Time 
There is no experimental evidence of the dependence of 
noise reduction on reverberation time. In fact the 
straightness of the experimental noise reduction curve for the 
20 s. w. g. aluminium clad cab, between 800 Hz and 4K Hz, 
suggests that the corresponding experimental reverberation time 
spectrum does not influence the cab noise reduction. This 
is in contrast to the theoretical influence described in 
5.4.2., where the reverberation time was shown to influence 
the theoretical noise reduction by up to *2 dB; this is not 
an important difference but it should be detectable. 
It is likely that the technique used for measuring the 
mean reverberation time in the cab was unsatisfactory and 
that the spectra of Fig. 5.?. are false. In particular 
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reverberation times were measured at a single pure tone 
frequency in each one-third-octave band. Ideally they should 
have been measured for excitation over the whole of each band. 
The pure tone source probably excited the cavity resonance 
which was nearest in frequency, and the resulting decay time, 
although valid at that frequency was not valid over the whole 
band. If this was a standing wave resonance as opposed to a 
bulk cavity resonance (see Chapter 9) then depending on 
its orientation the measured decay would be subject to rapid 
changes with frequency. 
The straightness of the experimental noise reduction 
characteristics for the 20 s. w. g. aluminium clad cab, 
between 800 Hz and 4K Hz, indicates that the actual mean 
reverberation time does not change rapidly between one- 
third-octave bands. 
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CHAPTEM 9 
The Experimental Plateau 
107 
9. The Experimental Plateau 
The characteristic, common to all the experimental noise 
reduction characteristics, which deviates most from the 
theoretical predictions is that of the plateau region above- 
80 Hz and the rapid fall below it. This part of the experimental 
spectra is almost completely independent of the cab panel 
material; according to the theory it lies in the 'mass 
law' region. 
In the present chapter an explanation of the origin 
of the plateau is sought. The beginning of the plateau is 
shown to coincide with a fundamental resonance of the cab 
cavity and a mechanism is hypothesised whereby the resonance 
and its higher frequency derivations could give rise to 
the formation of a plateau-type noise reduction characteristic. 
9 1. Cavity Resonances 
The theory of resonances in small enclosures is 
described by Beranek in reference 18, and an equation for 
the normal frequencies of a rectangular room presented by 
Beranek is as follows: 
tti aý ºý'. Y, 
ý' 
. ýo 
nYr lý 
.ý 
rZx 2 
ý2 
Cl. 
x 
ý ýL 
I Lz 9.1" 
where fl , Y1l , and Ylz can independently take on integral 
values 0,1,2......... oc ; Lx, Lý , and 
Lz -,. re the d imcnsionw 
of the room; and 
ýri is the frequency in hertz for ezzch 
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combination of nx , t13 and nY . The frequencies, 
fn 
, cre the 
three-dimensional bulk resonances of the cavity. Fig. 9.1. 
shows the number of frequencies, 'n, in the frequency 
band f to f+ 30, versus the frequency, `P , for the cab 
cavity, computed from equation 9.1. 
Equation 9.1. does not incorporate all the possible 
cevity resonances. One-dimensional standing waves are possible 
and these are not described by 
Pn 
. There will be a one- 
dimensional standing wave resonance, -Pq, associated with 
each wavelength X q, where 
ýq is an integral fraction of any 
fixed distance in the cavity, a fixed distance being that 
bounded by two opposite sides, edges, or corners. fq can take 
any of the following values: 
a. Axial' Modes, where the wave motion is parallel to 
two opposite pairs of surfaces and perpendicular to 
the third; 
here 
Lx 
I 
LS- 
I L-L 
qqq 
where q'4-s an integer ý 1,2,3.......... aC 
b. Tangential Modes, where the w,, lvo motion is parallel 
to one pair of surfaces and oblique to the other two. 
(ie. perpendicularly between two diagonally opposite 
edges); 
here i, q LK a-L zý ý2 ILT4 _- -Lz qqq 
c. Oblique Modes, where the wave motion is oblique to 
all pairs of surfaces (ie. diagonally corner to corner); 
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here %g -- ýJºýz +- Lý + Lx 
q 
and C. 
2)q 
I 
The distribution of these modes is shown in Fig. 9.1a. 
The volume resonant properties of the cavity given by 
equation 9.1. and the one-dimensional standing wave 
resonances described in a, b and c, are not directly 
related. For example; consider the volume mode of the cab 
cavity which gives rise to the resonant frequency f(1,1,0). 
The bulk resonant frequency fn = f(1,1,0) = 220 Hz, and 
is illustrated diagramatically in Fig. 9.2. The two one- 
dimensional standing wave resonances which separately give 
rise to the same wave amplitude diagrams as those shown in 
Fig 9.2. are: 
-fq = 
L, Q and c" q where q 
2 Lx. 
These give frequencies of 172 Hz and 137.5 Hz. The 
tangential one-dimensional mode, from corner to corner in the 
plane is Given by. 
`ý qC. q -- 107.5 Hý 
These one-dimensional standing wave resonances which 
individually jive rise to the same one-dimensional wave 
amplitude diagrams as the volume-resonances, do not bear 
any quantitative relationship to them. 
Since the standing wave resotnces are true matches 
between acoustic wavelengths and cavity dimensions, whereas 
the volume resonances are throe-dimeriaionel compromises, it 
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is reasonable that where they exist the standing wave 
resonances will be dominant. Moreover, we would 
expect the standing wave resonances associated with 
axial modes to have a greater influence on sound pressure 
distribution in the cab than* tangential modes, and 
similarly tangential modes than oblique modes, because of 
the greater volume over which they can exist. 
According to Beranek the lowest resonant frequency 
in the cab cavity (above zero) is when Ylx = 1, fly = 0, 
and Ylz= 0, here 
ýn 
= 114 Hz. The lowest frequency standing 
wave which can exist in the cab is at 78-4 Hertz. This 
is the oblique mode standing wave associated with the 
greatest fixed distance within the cavity. It is shown 
diagramatically in Fig. 9.3. from corner A to B., with a 
node at the cab centre or in the corners A and 
15. 
This first one-dimensional standing wave-resonance 
correlates very well with the beginning of the plateau 
region of the experimental noise reduction curves. 
It is possible to explain how the presence of standing 
wave resonances could cause the experimental curves to deviate 
so grossly from those predicted theoretically. The 'A' 
weighted sound pressure level distribution in the cab was 
shown in the work described in Chapter 7, to be very 
uniform (t 1 dBA) throughout, except at the sides where at 
3" distance it rose by 2 dBA., and in the corners where at 
similar distance it rose by 4 dBA. We can see from the 
typical 'A' weighted sound pressure level spectrum in the 
cab, Fig. 9.4., that a non-uniform low frequency sound 
pressure level distribution could exist without exhibiting 
a significant influence on the overall 'A' weighted sound 
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pressure level. A survey of the sound pressure level 
distribution in discrete frequency bands was not carried 
out, and an irregular distribution of sound pressure 
levels at low frequencies must be considered as a possible 
source of the plateau. This does not however explain the 
deviation from the 'mass law, and the theoretical separations 
should hold between plateaus. 
9.2. The Influence of Cavity Resonances on Noise 
Reduction 
Let us consider the ways by which standing wave 
resonances could alter the theoretical and experimental approaches 
to cab noise. There are two possible processes, the first 
involving. the distribution of sound pressure in the cavity, 
invalidating the experimental results, and the second involving 
the influence of'the standing waves on the panels, invalidating 
the theoretical results. 
We have already mentioned that poor distribution of 
sound pressure at, low frequency could have gone undetected 
during experimentation. The operator's station reference 
point used in the determination of the experimental noise 
ý 
reduction spectra was at the centre of the horizonatal plane 
two thirds of the way up the cab. Appreciable changes in 
noise reduction at this point could arise from the irregular 
pressure distribution resulting from standing waves, 
particularly at low frequencies where the resulting pressure 
variation would be distributed over large areas of the 
cab cavity. However, while these may explain the irregularities 
in the experimental plateaus, which are common to all the panel 
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materials, for example at 125,315,1100 and 500 Iiz., they 
do not explain the deviation of the mean plateau levels 
from the mass law separations, or the mass law slopes. 
The second possible source of explanation of the 
plateau phenomenon is in the influence of the standing waves 
on the panels. The shape of the experimental noise reduction 
curves is not new and the plateau, although generally 
occurring at lower frequencies, has been observed by several 
other researchers, particularly in field measurement of 
airborne sound transmission loss. 
Watters (16) has measured the field sound transmission 
loss of a solid sand and plaster wall using random incidence 
excitation, the resulting spectrum exhibits a plateau 
between 60 Hz and 700 Hz, 'with a rapid fall below 60 Hz. 
Eichler (5) has demonstrated the plateau phenomenon 
through his measurements of noise reduction on two sealed 
enclosures excited by a reverberant field (see Fig. 4.1. ) 
Van Den Eijk (17) has demonstrated it indirectly by 
showing that for panel masses between 5 Kg/m2 and 30 Kg/m2, 
the mean sound insulation of panels (averaged over the 
frequency range) is independent of the panel mass. 
London (33) has made the most widely known contribution 
in this field. He has observed the levelling off of sound 
transmission loss characteristics at low frequencies and 
postulated a resistive component, r, in the acoustic 
impedance function, z, equal to 2r/Cos 9. This defines r 
as a, function of the distance travelled through the panel 
and when substituted into classical transmission loss theory 
results in a constant term with the same levelling off effect 
as the l/(2. Cor9) term, derived here, in equation 3.1. The 
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parameter, r, increases the transmission los.. at low 
frequencies while at higher frequencies it hsss less effect. 
In practice, London chose r to give a good experimental fit. 
London did not, however, observe the termination of the plateau 
at very low frequencies. (He was dealing with rauch larger rooms, 
with much lower fundamental resonances). Consequently the parameter, 
r, provided an adequate explanation of his experimental results. 
To include a similar term which would satisfactorily 
account: for the termination of the plateau at low frequency 
would involve relating the resistive component to the cavity 
resonances. That is, postulation da panel damping factor which 
describes the influence of standing wave resonances 
on a panel. It is difficult to contemplate the mechanism 
by which such a reaction would occur. Moreover, it would 
not provide an explanation for the large portion of the 
experimental noise reduction plateaus which lay below the 
theoretically predicted noise reductions. 
Any constant parameter could be postulated and used to 
achieve the same result as London's resistive parameter, r. 
The parameter arising from the standing wave resonances 
which provides the most simple mechanism for modifying the 
panel phara~cteristics is that of acoustic pressure. In the 
revised airborne sound transmission4loss theory presented in 
4.4.3. the influence on the acoustic impedance' of the panel 
of pressure resulting from the air on the transmitted side of 
the panel has already been considered. This was 
achieved by making the spatial distribution factor, s, in 
equation A. 7. equal to(L /ciSin ¢. This effectively 
incorporates the resistance to panel motion resulting from 
the air behind the panel, and in evaluating the spatial 
114 
distribution factor, s, we have not placed any restriction 
on the nature of the air space. We have not defined it as 
being a cavity. In a confined space, or cavity, where standing 
waves are present, we would expect s to adopt a different 
and more complex value than 
For the most simple evaluation of s. we can postulate 
that the standing wave gives rise to a static increase in 
pressure on the panel such that: 
s Constant +L Sin 
C. 
If we now evaluate the acoustic impedance, 2, using this 
s we find that in addition to the i. w. wi term, which gives 
rise to the 'mass law', there are terms incorporating all 
the powers of ci between 0 and 3. 
ie. z=j: cý. (m - constant) - j. t. aý(constant) -j, ºä(constünt) - j. (constant) 
Clearly the plateau region of the empirical noise reduction 
spectra is a feasible solution of this equation, and the 
situation where the empirical plateau falls below the theoretical 
mass law curve is a possibility. Unfortunately, however, we 
cannot evaluate s=W, SiA 
0- 
since we do not know the 
nature of ý, and any increase in the, complexity of s will 
also be insoluble. Consequently whilst modifications to the 
classical transmission loss theory can result in a much 
Creator understanding of the mechanism of noise reduction 
in the tractor cab situation, they are unable to provide a 
better quantitvtive evaluation. 
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10. Sutnrr, n r 
10.1. Discussion 
The work presented in this thesis cannot be considered 
as a complete evaluation of the airborne noise reduction 
of tractor cabs. Only the basic situation has been investigated; 
The shape of the cab, the size of the cab, the influence of 
absorption materials, the influence of the presence of an 
operator, and the effect of holes in the cab have not been 
considered. Moreover, the traditional acoustic design 
parameters of panel mass, damping and stiffness have been 
shown to exhibit only a small influence on cab noise reduction, 
and the underlying question of what parameters do govern cab 
airborne noise reduction remains unanswered. 
Theoretically the quantitative evaluation is limited by 
I- 
a lack of information regarding; the an. ular nature of sound 
radiated from a panel. The resistance to radiation clearly 
forms a most important part of the evaluation, and the manner 
in which an extraneous sound wave incident on the transmitted 
side of a panel, such as that from a standing wave in the 
cavity behind the panel, affects the radiation, is likely 
to be pertinent to a quantitative evaluation of the experimental 
plateau. Such considerations ore probably best dealt with by 
modal analysis since, they involve dej: n : once. on a varying 
number of resonances. 
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While the work presented here has produced "renter 
understanding of the mechanism of airborne sound transmission 
loss it has not produced a complete picture. A great deal of 
further work is needed in this area, and in this respect 
the experimental attempts to measure acoustic impedances 
of panels described here look promising. If we could measure 
acoustic impedance by a means which would not alter panel 
properties, then we would have an invaluable tool for developing 
understanding*of the mechanism of airborne sound transmission 
loss in homogenous panels, particularly when subject to 
extraneous sound fields. 
A second area where further work is required, with 
direct relevance to the work presented here, is in evaluating 
the acoustic properties of small enclosures. The bulk 
resonance theory has been shown to be only partially responsible 
for irregular, steady state, pressure variations in the cab, 
and one dimensional standing waves have been shown to be 
important. The work presented here has taken insufficient 
account of the acoustic behaviour of the cab cavity, 
especially since this area has been shown to be the most 
important in determining cab noise reductions. In addition, 
such considerations are likely to be equally relevant to the 
noise reduction of structurally excited cabs. 
Experimentally the measurements of reverberation time in 
the cab were not satisfactory. Pure tone excitation was 
taken as representative of the behaviour of third octave 
bands, wherena a complete band excitation such as that of the 
Schroeder - Kuttru'f method (34 and 35) would have given 
more representative results. However, the experimental noise 
reduction spectrum o*f the 14 r. w. g. aluminium clad cab 
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indicated that reverberation time was independent of f'r. euuccncy, 
a result which has been demonstrated, for a similar structure, 
by Milstead and Wegscheid (30). 
1.1c' 
10.2. Conclu 
The following list roprosenLs a runlrnnry of the 
major qualitative conclu3ions or the work described in this 
thesis. Minor conclusion are presented continuously in 
the text and quantitative conciuriono 
graphically. 
. -re presented 
1. A realistically des i{; týed sealed tractor cab has been shown 
to exhibit negative a irborrie noise reductions, both 
theoretically and experimentally. Therefore, tractor cabs 
can'give rise to an increase in the sound pressure level 
over that of the equivalent non-cab-equipped condition, 
in the absence of structural excitation. This provides a 
useful justification of the work presented. 
2. The available theoretical techniques applicable to 
evaluation of the airborne noiso reduction of sealed 
enclosures have been considered. The theoretical method 
of modal analysis has been shown to be Jncompatible 
with evaluation of the, airborne noise reduction of tractor 
cobs in practical situations. 
ý 
3" The classical theory of airborne sound transmission loss 
is basically cornpatib7 e with evaluation of the airborne 
noise reduction of tractor cabs in prr, ct-ical situations. 
It is not, in its present for, n, hoc, wevor, capable of 
providing either quantitative of cluilitativo predictions 
of the shape of-experimental, tirborne noise reduction spectra. 
The airborne noise roductionr; o: ' tractor cabs do not 
bear a Simple relationship w th current airborne wound 
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transmission loss theory. In particular the ci. asa, irn1 
'mass law' is not valid when applied to cab prnel 
materials. 
tý. The classical theory of airborne sound transmission loss 
has been modified to provide a complete qualitative 
explanation of the anomalies which have hitherto existed 
between it and corresponding experimental airborne sound 
transmission loss spectra. 
4.1. The dependence of. classical airborne sound 
transmission loss on the angle of incident excitation 
has been shown to be false. 
4.2. A coincidence effect has been shown to occur on 
the transmitted side of thin homogenous panels subject 
to airborne excitation. This coincidence effect is 
independent of the angle of incident excitation. 
k. 3. Lack of information rbgardinC the angular nature 
of sound transmitted from an infinite panel prevents 
further development of the classical theory to include a 
more exact quantitative evaluation of airborne sound 
transmission loss. 
5. The modified airborne sound transmission loss theory 
has boon applied to a practical tractor cab situation 
and an anomaly has been shown to exist iretweon the predicted 
and measured airborne noise reduction spectra. This 
consists of a plateau of the experimental spectra, between the 
frequency of the lowest frequency standing wave resonance 
which can exist in the cab and about 3K Hz. The plateau 
is shown to be related to standing wove resonaDce: 3 in the 
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cab cavity and a mechanism by which tho theory can be 
modified to include it has been suggested. The 6ifferonce 
between the magnitudes of the noise reduction on the 
plateau and the corresponding theoretics]. prediction 
can exceed 15 dB (sound pressure level) and this it an 
indication of the importance of the acoustics of the 
cab cavity in determining tractor cab noise reductions. 
6. The experimental airborne noise reductions of a purpose built 
cab, in a practical situation, have been shown to be 
very similar in magnitude and spectral shape to those 
measured, by other workers, under laboratory conditions 
in a diffuse sound field. The nature of the exciting 
sound field is therefore concluded to be of minor 
importance in experimental investigations of airborne 
noise reduction of sealed cabs. 
. 
7. Panel materiil properties have been shown to have a 
relatively small influence on cab airborne noise 
reductions. In particular surface mass in the range 
2.5 to 16 Kg/m2 and panel damping'have been concluded 
experimentally and theoretically respectively to hove 
little influence on the airborne noise reduction of 
scaled cabs. Panels with lower flexural stiffness have 
higher coincidence frequencies and in this respect 
give higher subjectively weighted overall noise 
reductions. 
APPENDIX I 
Derivation of the Transmission Coefficient (Equation 4.19). 
The following is a two-dimensional derivation of the classical sound 
transmission coefficient at a thin homogenous infinite boundary. 
The equivalent three-dimensional case has not yet been solved, but 
the two-dimensional case is acceptable because it considers a plane 
wave. which is constant and uniform in the Iz direction. In obtaining 
the solution the behaviour of the panel in the z direction is not 
consideied. 
u 
., ý 
ý 
.' 
PLi. ' ýr or t ýd ý. 
X 
ýý {r 
Ti, 't are the incident, reflected and transmitted velocity 
potential functions for a plane wave incident at an angle © on a 
thin homogenous infinite boundary. 
Kx xt Ky y) 
tKxXtKyy 
1ý 
ý 
ý. 
t ý 
j{+ý t Kx xt Ky y) 
where Yi, 
-I- ______ 
the wave numbers in the x and y directions, andwhere t=0 ia an 
arbitrary time before the moment of reflection and x=o at the 
boundary. 
For continuity, of particle velocity at the boundary: 
a'Tý º )-Tr )'Ti dx x=0 ax _rD\It 
-vw X= ODY. X= O 
= wall velocity A. l. 
".. Y'i -r-tA. 2. 
The boundary has specific acoustic impedance -Pressure _P cu Velocity Vw 
The pressure at any point is given by p- c-7 
.., pi. + pr - Pt 
I 
x= 0' 
Vwz 
. 
". 
ýojW(? 
ýri tý'r e 
j(ot + Ky y) c VwZ 
ý 
From' equation A. l. Vw =)T 
t 
. ýJx x -- 0 
.6 . Vw = jKx 
Ytcj (``'t+Kyy) 
Yt)e7(wttKyy) jKxYtej("'ttKyY)z 
and/0w( 
ýi + ýr - ý't) = Kx )kt z 
it 
are the amplitudes of the waves and Kx, Ky are 
Is - 
1ý 
Using equation A. 2, to eliminate 'r: 
Iýt 
=1t2 
Now pt 
? ýt 
3t 
at xo Dt . pi 
t 
i 
ý Pi ýy, i. 
'"' 
ýý zY. 
x2ý (1 t2 
Now by definition K= 2n = 
1\1 
.. G_ 
ýJ 
C 
Kx= KCosl4 
1 
(1 +Z 
Cos6) 2 
2/o c, 
In order to obtain equation 4.19, equation A. 4 is normally 
approximated to A. 5. 
A. 3. 
A. 4. 
Ir = 
ýý1 Casa2 
A. 5. 
2Pc ' 
This approximation eliminates a factor of a CosO/1Oc from the 
denominator of where a is the real part of Z(= a+ jb). 
For practical materials the approximation is valid since the 
real part of Z is always small, (See equation 4.26). 
1 
APPENDIX II 
Derivation of the Transmission Coefficient with Different Angles 
of Incidence and Transmission 
The following is a derivation of the transmission coefficient similar 
to that in Appendix I but with a transmitted angle, , which may be 
different from the incident angle. 0. 
"k-V 
ý 
ý 
rd 
i 
,B 
ýý; 
`N 
' 
ý, 
.t ý\ 
The velocity potential funtions are now 
i= %'i ej 
(wt - Kix x+ Kiy y) 
ýr w ýIrr 0ý 
(wt + Krx x+ Kry y) 
ýt=ý, ý0j (Wt - Ktx x+ Kty y) 
-t .-x 
'-. 
\ýýýI 
Here Kix, Krx, Ktx and Kiy, Kry, Kty are the wave numbers in the x 
and y directions for the incident, reflected and transmitted functions. 
As in Appendix, I i, vr, At are the amplitudes of the waves, and 
t=o is an arbitrary time before the moment of reflection and x=o 
at the boundary. In order to obtain a solution it is necessary to 
assume that the incident and reflected angles are the name. 
Kix = Krx and Kiy = Kry 
For continuity of particle velocity at the boundary: 
V4J 
ýx x=ö ax x! o _ý x=o 
= wall velocity 
.". j Kix ( *i - 7ýr) e 
j(wt + Kiy y) 
_ ? 
ý't j Ktx ej 
(wt + Kty y)_ Vw 
The boundary has specific acoustic impedance 
` 
Pressure v`7 
Velocity - Vw 
The pressure at any point is given by p 
and pi +pr - pt Ix =o= 
Vw Z 
... 
ýJ WJ 
(oi 
+ "! 'r )e 
Using equation A. 12 
( ýi + ýr) e j(wt + 
, cwt + Kiy y) - 
- 14 
ýLi 
YItej (wttKtyy) 
Kiy y)_ ý't ej 
(tAý + Kty Y) 
A. ]. 1 
A. 12 
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(wt + Kty y) 
" rö w 
and (Vi + JO e 
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i(wt + Kty y) 
Using equation A. 12 to eliminate lr 
2 Yi eý 
Wt + Kiy y) + 
Ktx 
+Z 
Ktx 'ý 
Kix f+4d c 
j (wt + Kty y). 
''//i Et- x7 Ktx 0 ý(wt 
+ Kty y) 
."Yt^ýýý 2Kix If w)ej wt + Kiy y 
ýie 
j(wt i" Kiy Y) 
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' Pi (ýt 
Mix t 
Z2p 
w) 
Now Kix = wCcs - and Ktx 
U Ces6 
pI (\ý 
Pt 
Co__^. ýS Z CosdSl 
} 2Cos4 { 2, Ac 
and ý-ý (P-t) 
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_1 Pi Cosý Cosý 2 
. +2 Cos9* 2Pe 1 
A. 13 
A. 14 
A. 15 
APPENDIX III 
Derivation of the Acoustic Impedance (Z) of an Infinite Panel 
For compatibility with Appendices I and II we can assume a plane 
wave which does not vary in the z direction and therefore consider 
a beam not a panel. 
Consider the bending beam equation of motion, with a forcing 
function of the form: 
Fe(jt411: +jsy) 
where the force is a function of position and time, and s describes 
the spatial distribution of the force. 
beam displacement. 
Substituting the solution x= X(y) ejwt 
L^2 X+F3 
Gt2 
=F esy 
Y 
Substituting 
t ß= = Feýýwttjsy) 
P-2 
Cl t2 
ryý+ 
k 
09 
X-A e sy 
4Sy sAe ýý y2, 
ý--B s 
Assuming that the panel is excited by a plane wave at an angle 
of incidence 6), then: 
A. 6 
S-c Sin A.? 
". 
Z Wrt- 
3 Sine }3 to 4 c 
A. a 
APPENDIX NOT COPIED 
ON INSTRUCTION FROM 
UNIVERSITY 
APPENDIX V 
1. Lyon, R. H. and 
Maidanik, G. 
2. Maidanik, G. 
3. Lyon, R. H. 
4. Lyon, R. H. 
5. Eichler, E. 
0 
6. Pretlove, A. J. 
7. Pretlovo, A. J. 
8. Bhattacharya., M. C. and 
Crocker, i, I. J. 
g. t3hattacharya, M. C. 
Guy, R. W. and 
Crocker, M. J. 
10. Bhattacharya, M. C. and 
Guy, R. lV. 
11. Beranek, L. L. 
RF, FEMP; NC: ES 
"Power Flow betv; oon Linearly 
Coupled Oscillators". 
J. Acous. Soc. Amer. 34(1962) p. 623 
"Response of Ribbed Panels to 
Reverberant Acoustic Fields". 
J. Acoust. Soc. Amer. 34(1962) p. 809 
"Sound Radiated from a Beam 
attached to a Plate". 
J. Acoust. Soc. Amer. 34(1962) p. 1265 
"Noise Reduction of Rectangular 
Enclosures with one Flexible Wall". 
J. Acoust. Soc. Amer. 35(1963) (. 1791 
"Thermal Circuit approach to 
vibration in a Coupled System 
and the Noise Reduction of a 
Rectangular Box". 
J. Acoust. Soc. Amer. 37(1965) p"995 
"Free vibrations of a Rectangu7. ar 
Panel backed by a close Rectangular 
Cavity". 
J. Sound. Vib. 2(1965) p. 197 
"Forced vibrations of a Rectangular 
Panel backed by a closed Rectan,; ulor 
Cavity". 
J. Sound. Vib. 3(1966) p. 252 
"Forced vibration of a Panel W 
radiation of sound into a room". 
Acuctica. 22(1969/70) p. 2? 5 
"Coincidence effect with sound' 
waves in a finite pl to". 
J. Sound. Vib. 18(). 971) p"1W 
"The Influence of the measuring 
facility on the measured sound 
: i. nculati. on of a Parcel"'. 
Acuctica 26(1972) 1-'. 344+ 
NoiFo and Vibration Control 
Ncßr iw-Hii]. Book Company. 
12. Cremer, L. 
13. Cummings. 
14. posting, W. A. 
15. Bhattacharya, M. C. 
16.1Vatters, B. G. 
17. Van Den Eijk, J. 
18. Beranek, L. L. 
19. Nat. Inst. Agric. "Engng. 
20. Walker, D. E. 
21. McKibben, W. R. and 
Pltsch, K. D. 
22. Weston, P. R. 
23. Bell, A. 
24. Huang, B. K. and 
Sues, Cali. 
0 
"Theory of Sound Attenuation of 
Thin Walls with oblique incidence, 
Part II. 
Akustische Zeitschrift No. 3, V]. 11, (1(-, 'L 2) 
"The Mechanism of Sound Transmission 
through single and double pcnels". 
Ph. D. Thesis, Liverpool University 
(1968). 
"Onderzock raer de Celuidsolatie 
Van Vlakglas". 
Report 706,007, Deft Building 
Acoustics Technical Physical Service, 
TNO and TH. (1967). 
Ph. D. Thesis, University of Liverpool 
(1970). 
"Transmission Loss of some 'lasonnry 
Walls". 
J. Acoust. Soc. Amer. 31(1959)p. 898 
"Van Doorn-ijzerman's now Mass Law". 
J. Sound. Vib. 3(1), (1966) p. 20 
Noise Reduction, (10.3. ) 
McGraw-Hill Book Company. 
Proceedings of Subject Day on 
Tractor and Cab Noise, 1970 
"Sound Level at Operator's Station 
of Cab and Non-Cab Equipped Tractors". 
S. A.. E. Trans. 79(1970) Paper 700703 
"A Modular Gab For Farm Tractors". 
S. AiE. Paper No. ? 10690, (1971) 
"A Survey of Tractor Noise and the 
effects on hearing; ". 
J. Aust. Inst. A; ric. Sci. (19. G3) 
"Effects of Tractor Noiso on Tractor 
Drivers". 
N. Z. J. Agric. 92(1956) P"309 
"Tractor Noise and Operator 
Performance". 
Trsns. A. S. A. E. (1968) Paper No. 
67-122 
25. Sellon, R. N. 
26. Priede, T. 
27. Sellon, R. 
28. Emme, J. H. and 
Blackford, H. L. Inc. 
29. Ris, B. H. 
ý Vuýegscýieißd; 
ý'E: Lnd 
31. Splinter, W. E. " 
Mumgaard, M. I. 
Steinbruegge, G. W. and 
Larsen, L. F. 
32. Lierle, D. M. and 
Reger, S. N. 
33. London, A. 
3! f. Schroeder, M. R. 
35. Kuttruff, H. and 
Jusofie, 1". J. 
36. -*Price, A. J. and 
Crocker, M. J. 
37. MIRA Report No. 1969/5 
"Operators Enclosures". 
S. A. E. Paper }To. 710516 (1971) 
"Origins of Automotive Vehicle 
Noise". 
J. Sound. Vib. 15(1), (1971) p. 61 
"Sound Attenuation in Operator 
Enclosures" 
S. A. E. Paper No. 720701 (1972) 
"Design Considerations for Noise 
Insulation of Operator Cabs". 
S.. A. E. Paper No. 720702 (1972) 
"Tractor Proise Analysis - Open 
and Enclosed Operators". 
S. A. E. Paper No. 720706 (1972) 
"On Noise Reduction of a Rectangular 
Box with Application to Tractor 
Cabs". 
Trans. S. A. E. Paper No. 720707 (1972) 
"Sound Level Tests of Agricultural 
Tractors". 
Trans. S. A. E. Paper No. 720719(1972) 
"The Effect of Tractor Noise on 
the Auditory Sensitivity of 
Tractor Operators". 
Annals of Otology, Rhinology and 
Laryngology, 67, (1958) p. 372 
1+2,605 '(1949) RP. 199$ 
"Transmission of Reverberant 
Sound through single walls". 
J. Research Nat. Bur. of Stand. 
"New method of measuring Reverberation 
Time". 
J. A. S. A. Vol. 37(1965) P"409. 
"N chhnlmecsungen nach dem 
Verfahren der Intergrierten 
Impulsontwort". 
Acustica 19 (1967/68) p. 56 
Sound Transmission using Statistical 
Energy Analysis. 
J. Sound Vib. 9 (3), 1969 p. 469 
The Measurement of Airborne Sound 
Transmission Loss 
APPrNDTX VI 
N0141ENCLATURE - 
Airborne sound transmission Coefficient. 
Cb Acoustic Compliance of. cavity. 
Ce Acoustic Compliance of panel. 
c Velocity of sound in air. 
Density of air. 
A Panel area. 
ß Flexural stiffness. 
Frequency. 
CL Longitudinal velocity of panel material. 
ti Panel thickness. 
L) Angular frequency. 
lP 
Dimensionless loss factor of panel. 
lop Density of panel. 
N. R. Noise Reduction (Sound Pressure Level difference in dß). 
q6 Loss factor of cavity. 
T Reverberation time. 
Acoustic Intensity. 
a normal incidence acoustic absorption coefficient 
(fraction not reflected). 
V Absorption ( fraction incidence not reflected or 
transmitted). 
Fraction intensity reflected. 
Lpc Sound Pressure level in the cavity. 
Le Sound Pressure level of the Incident waves. 
R Airborne sound transmission loss. 
t Time. 
P Sound Pressure. 
Sound pressure reference level. 
V Volume. 
B Angle of Incidence. 
lp; Incident intensity. 
P; Sound'pressure of incident sound waves. 
z Acoustic Impedance. 
Airborne Sound Transmission Loss. 
Surface mass. 
12 Stiffness. 
tf Poisson's ratio. 
Wý Coincidence frequency. 
rL Dimensionless loss factor. 
E Modulus of Elasticity. 
Random incidence transmission coe"fficent. 
TF Field incidence transmission coefficient. 
-ýý Coincidence frequency.. 
Transmijted angle. 
LPo Sound pressure reference level. 
D Distance. from cab front lower edge. 
Mean intensity. 
Natural frequency. 
ýq Standing wave resonant frequency. 
r Acoustic resistance. 
s Spatial distribution factor. 
Nir Velocity potential function. 
Kx, Ky Wave Numbers. 
Vw Velocity of 
P Pressure. 
Wavelength. 
Ratio of panel dimensions 
/3 Ratio of room dimensions 
Length 
Q Modal density ratio 
-Q Frequency of first cavity resonance 
H Energy 
syiP Intensity of source 
Intensity after n reflections 
z Specific acoustic impedance 
Moment of Inertia 
Limiting angle of incidence 
Leh 'A' weighted sound pressure level 
C 
Viscous damping factor 
Cc 
Critical damping coefficient 
x)ný, (14l cy Integers 
LX Lý , L7 Room dimensions 
ýý 
ýi 
. 
Wavelength associated with frequency 
ýý, 
Amplitude of velocity potential function 
F Force amplitude 
Overall 'A' weighted sound pressure levels 
Lpt(w), Lpip) 
ýLpa(w) Sound pressure levels at frequency U, ) 
LP 
LPCW) 
Spectrum of decibels 
Decibel level at frequency W 
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